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CONTRiBUTION

This study has contributed to the advancement of thl~ understanding of the
performance of two sources of South African fly ash as cemantltlous extenders to
cements of South African origin for use in concrete and/or mortar mixes.

The fly ashes used in the experimental work were those available as commercial
products in South Africa during the period 1986-1991.

A wide spectrum of tests has been carried out to show the effect that the fly ashes
have on the fresh and hardened properties of concrete and mortar, Particular attention
has been given to the use of such concretes under the conditions of exposure peculiar
to South African construction sites.
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ABSTRACT

The South African cement producers would like to utilise cement extenders in cement
to increase manufacturing capacity at a relatively low cost. A" understanding of the
implications such a step might have for the cement user was requ'rsd.

A study was made of the performance of portland cement blends made with fly ash
derived from the two commercial sources in South Afrir.~athat were being utilised by
1991. The performance of the blends was compared against the performance of
ordinary portland cement, the cement type to which the majority of users in South
Africa were exposed in the past.

An extensive literature study was provided which covered the latest research aspects
.ot the use of fly ash in many other parts or the world as well as mformation from local
South African research reports.

Th, ash concrete or mortar properties studied in the laboratory tests were as follows:

• workability il
• rheology
• setting time.. bleeding
• heat of hycl'ation

The following properties of hardened concrete were studied in laboratory and simulated
site exposure tests:

• compressive strength
.. flexural strength
.. elastic modulus
• shrinkage
• creep
• permeability
• abrasion resistance
• carbonation

c
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Some preliminary investigations were made into the effect til at the use of fly ash had
on the effectiveness of chemical admixtures, and into the compressive strength
development of ternary (three component) blends.

As far as possible, use was made of standard SABS, BS, ASTM, DIN or RILEM test
methods although it was necessary to use other non-standard or modified test
methods in some cases to provide the necessary information. Appropriate references
or details have been provided where methods have deviated from standard methods.
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Recommendations were made regarding the level of fly ash replacement which was
believed to be practical for site use for two categories of users, nameiy unsophisticated
users with a low !evel of undemtanding of concrete technology and relatively crude
methods of site batching and mixing, and sophisticated users with access to higher
levels of technology and equipment.
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CHAPTER 1

1 INTRODUCTiO"t

1.1 Expectations of cement performance

South Africa, in common with most other cement pr:)ducing countries, has built up
decades of experience with the use of portk , camelot in the manufacture of concrete,
plaster and mortar and other cementitious products. This experience is held not only
by the site staff of contractors; builders and concrete product manufacturers but also
by the designers and owners of concrete structures.

Many applications of the use of portland cement are ncn-crttlcal :n that the
consequence of failure is cosmetic rather than life-threatening. Nevertheless the
owner will have certain expectations of quality and the supplier will try to meet these
expectations with appropriate quality workmanship and materials. The supplier will
rely heavily on experience of the behaviour of commonly used materials in trying to
meet his customer's expectations. The supplier himself obviously has expectations of
how his materials and workmen should perform.

A dilemma faces a producer attempting to introduce changes to a product that has
many years of .successful application behind it. If tnese changes are of such a
magnitude that the user's expectations are no longer met then some probiems can be
expected during routine use of the product. These problems might occur even if the
changes result in the product performance being superior to that which experience has
led the user to anticipate.

The introduction of cement extstlders such as ground granulated btastturnacs slag, fly
.~ ash or silica fume in cement blends is likely to cause such problems to the users if

these blends perform in a way different to that expected by the user.

There have been many papers giving sound reasons why blended cement performance
should not be compared against that of ordinary portland cement. Unfortunately when
a blended cement is used by site or factory workmen then inevitably those immediately
involved, unless specially trained in the use of the different product, will expect the
performance given by the cement most commonly used. In South Africa this
experience will most probably have been developed on ordinary portland cement, or
in a smaller proportion of cases with a blend of ground granulated blastfurnace slab)
and portland cement.

Two options are open to the product mailufActurer who wants to introduce blended
cements with different properties:

• he can introduce the different product together with an education program, or

• he can tr~' to manufacture the new product to meet the user expectations.
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Both options present problems in South Africa. It would be a daunting prospect to tty
to reach and re-educate all cement users in South Africa.

The second option presents some interesting challenges to the cement chemist. This
option is likely to lead to an increase in the production costs and would therefore tend
to diminish the cost benefits that might normally accrue to the producer of a blended
cement, and which could be passed on to the consumer.

1.2 Structural use of portland cement concrete

The techniques used to design concrete structures which will safely carry the loads
and stresses intended by the designer have developed along with the increasing
availability of the portland cement used in its manufacture. These techniques are
largely based on empirical knowledge of the behaviour of concrete test specimens and
how these results relate to the characteristics of the concrete in the structures."

As this knowledge has, in the main, been developed using Ordinary Portland Cement
(Ope) this has come to be regarded as the standard and it is common to find that
when the use of other cementitious materials is considered the performance of these
concretes is compared against that for ope concrete to give the structural designer
a feel for the new material.

Most civil engineers probably still regard compressive strength as the most important
property of hardened concrete, although there is a growing awareness of the need to
consider durability in the design process. The designer has commonly assumed
adequate durability in the past. Now with some structures showing unexpectedly poor
service life,I21properties other than compressive strength are growing in importance.

I" evaluating the use of new cei Aotitious materials in concrete :t is therefore
necessary to measure the pertorrnat e not only in terms of compressive strength but
of many other characteristics which may have a bearing on the durability of such
concrete when it is exposed tc its service conditions.

Durability is not an easy property to measure. It is influenced by many different
characteristics of the concrete and the environment and service condltlons to which it
in exposed. It is, furthermore, a property which influences the satisfaction of the long
term needs of the owner - a lack of durability In existin~ structures is likely to introduce
some doubts about the life expectancy of concrete when the owner comes to decide
on the choice of structural material for his next structure.

,
\_

1.3 \'Vork needed to provide the necessary confidence

Substantia! work by Stutterhaim!3j and Fultod"] preceded the adoption of the use of
ground granulated blastfurnace slag (GGBS) as a partial substitute for portland cement
in South Africa and rruds it possible for designers and concrete technoloplsts to
understand how h use th~ material. With 31 years of successful use of GGBS in
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,South Africa since its first introduction in 1958, it is evident that such research findings
contributed to providing the necessary confidence to stimulate the use of the material.

It was therefore believed that this was an appropriate way to advance any further
introductions of similar materials.

1.4 Proposed introduction of fly ash blended cement

In 1984 the South Africa cement rroducers made known their intention to consider
producing a portland cement containing approximately 15 % of fly ash to be supplied
to the Pretoria-Witwatersrand-Vereeniging (PWV) marketing area. This cement would
be designated as a PC 15 FA, ie basically a pailand cement with a maximum
permitted fly ash content of i5 'Yo.

Although the then National Building Research Institute (NBRI) of the Council for
Scientific and Industrial Research (CSIR) had done a large amount of valuable
research (as will be discussed later) it was felt that their work was of a very broad and
general nature and that there was a need for more specific information applying to the
partloalar combinations of fly aeh and portland cemont likely to be used in this
marketin'l area. Other research work had been done overseas but there was concern
that the findings of such researchers might not be eopllcable to South African
materials.

The Portland Cement Institute (PCI) decided to undertake a research project to provide
the necessary information which would permit more confident use of cements
containing fly ash, and in particular a cement with up to 15 % of fly ash.

A survey was therefore undertaken of the intentions of the three cement producers
supplying to the PWV market." The companies were as follows:

• Pretoria Portlano Cement Company Ltd.

:t\-A)

(Br.;)

(PPC)

• Anglo-Alpha Ltd.

BIlle Circle Cement (Pty.) Ltd.•

Their expressed intentions could be summarized as follows:

Anglo-Alpha Limited stated that their intention was to blend portland cement with fly
ash -if they decided to produce the product at all.18J Blue Circle Cement (Pty} Limited
wrote that they intended to produce a blended product," Pretoria Portland Cement
Company Ltd stated that they had not made a final decision between blending or
intergrinding of fly ash nor whether they would produce such a cement," The holder
of the rights to Eskom's ash at the time, D & HAsh Basources confirmed that ash for
any such product would be supplied from the Matla POWt:f station.

However during the course of the laboratory investigation for the evaluation of this
particular fly ash the Lethabo Power Station was under construction for the Sout~. H

I
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African electricity utility company, Eskom. As this source of ash is also to be exploited
for use in concrete and because it is likely to become the more commonly used source
due to its closer proximity to the major PWV market some consideration has been
given in the testing programme to this material too. Unfortunately as the classification
equipment was only commissioned at the end of 1989 the ash from this source
became available too lat~ for substantial laboratory work to be done on its properties.

Having thus obtained the intentions of the producers involved the PCI research project
could be started.

Before providing details of the properties of the materials used it is aavtsable to have
a look at the history of the use of fly ash in other parts of the world and in South Africa.
This aspect is covered in chapter 2.
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CHAPTER 2

2 a,Y ASH - THE MATERIAL, AND HISTORY OF ITS USE

2.1 Introduction

Fly ash is the waste product produced In modern coal burning plants when finely
ground, milled or pulverized coal is burned and the fine residue, instead of being
permitted to escape through the flue to atmosphere, is collected either by electrostatic
preo'pltators or bag filters. This is a fairly wide definition and would encompass all fly
ashes produced in South Africa including those produced by modern coal burning
power generating facilities of the Electricity Supply Commission. This organisation was
recently renamed Eskom.

In this particular study only two of Eskom's facilities are of interest, namely Matia
Power Station in the Eastern Transvaal highveld near Witbank, and Lethabo Power
Station situated in the Orange Free State near Vereeniging, Transvaal. Details of
these two facilities and the fly ashes they produce are provided in later paragraphs of
this chapter.

2.2 Coal - the fuel for the combustion process

South Africa is blessed with abundant reserves of coal. Much of this coal is however
of too Iowa calorific value to make it suitable for export purposes. This is mainly due
to the fact that the cost of transport per kilojoule of energy is too high. It is however
possible to utilize this coal if it is not necessary te transport it too far. In an effort
reserve the bettsr quality coals for export purposes Eskom has opted to make use 01:
these lower gl ade coals for electricity generation. This decision has forced Eskom into
building their power generating facilities close to the coal sources. This is somewhat
in contrast to the normal trend of having these close to the demand for electricity.

The details of only two of the many Eskom power stations are considered here as they
are the only two from which fly ash is supplied for general cementitious use. The
reievant stations are Matla and Lethabo.

2.2.1 Matla Power Station

o
Matla power station is situated in the Easlsrn Transvaal in the vicinity of Witbank. It
has a generating capacity of 3 600 Megawatt, produced from 6 boilers. The boilers
are fired with finely milled coal, and each boiler consumes about 250 tons of coal per
hour at peak load, burning at a temperature of about 1 500 "O, The coal is supplied
by General Mining and Finance Corporation from theif Matla underground cOlliery.[9]

~
I
!
'.I

!-,

The calorific value of this coal varies between 15,8 and 20,6 MJ/I~g and the ash
content lies between 17,5 % and 33,0 %. The coal is delivered to coai storage
bunkers, 6 of which serve each boiler. The coal is supplied as a minus 25 mm size
and this is further broken down in ball mills prior to being fed to the boiler m an air flow.
The mills are required to proouce the coal with a guaranteed fineness levei of 99 %
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finer than 300 mlcrometres, and 70 % finer than 75 micrometres.!"

An analysis for the coal supplied to Matla is given in Table 2.1; these figures are the
average for two analyses for 1989.1111

At peak load each boiler will produce about 1400 tons of fly ash per day ie a total of
8 400 tons per day from the power station. At the same time each boiler produces 250
tons of bottom ash daily.

An analysis for the total ash, i.e. bottom + fly ash from Matla is given in Table 2.2.
These figures are the average tor two analyses for 1989.[11]

An ash not removed for further processing for cementitious or other purposes is sluiced
away to an ash sump and subsequently to an ash dam. The water used to sluice the
ash away is recovered and re-used in a closed cycle.

Fly ash required for other uses is removed from the precipitator hoppers. The fly ash
required for cementitious use is then further processed through a British Rema air
separator'" \'0 meet the 45 micrometre retention requirements of SASS 1491-1989
(South African Bureau of Standards, Standard specification for Portland cement
Extenders, SASS 1989 (1491-&9)). Oversize material is rejected with this equipment
while the fine material is selected for use. This is the current procedure followed at
Matla; in the earlier days of supply of fly ash from Matla the practice was to select the
fly ash from precipitator fields No.2 to No.4 and it was only when Eskom decided in
1987 to dump all the ash together that the classifier equipment became necessary.
The change in selection procedure had some effect on the performance characteristics
of this fly ash as will be discussed in a later chapter.

The process of separation or classification is necessary as fly ash fineness is an
important parameter in determining its suitability for use in cementitious reactions.

2.2.2 Lethabo Power Station

()

Lethabo power station at the end of 1989 was still under construction. It is situated
in the Orange Free State not far from the Transvaal town of Vereeniging, It has a
generating capacity of 3 708 MW produced in 6 boiler-turbine sets. The boilers are
fired with finely milled coal which is consumed at the rate of 350 to 400 tons per hour
at peak load. The coal is supplied by Amcoal from its New Vaal collieryY3] The
calorific value of this coal is around 16 MJ/kg and the ash content is rather high at
between 28 % and 42 %. Average figures for two analyses for 1989 are shown in
comparison against those for Matla in Table 2.1.[14]

\
'...... ...

The coal is transported 'via storage silos to the boiler bunkers and mills. The coal is
supplied as a -25 mm size and this is further broken down in ball/tube mills and then
blown into the boilers where it is burned at a temperature of about 1450 °C to generate
steam. The mills are required to produce coal with a guaranteed fineness of 99 %
finer than 300 micrometres and 70 % finer than 75 micrometres. In practice these mills
have produced 80 % finer than 75 micrometres during a commissioning test, and the
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averaqe level of fineness achieved during 6 months of operation in early 1986 was 78.2
% finer than 75 mlcromstra!"

At peak load each boiler will produce about t~50tons of coarse bottom ash and 3 400
tons of fly ash daily, ie a total production capacity of about 7.5 million tons of fly ash
annually. The fly ash is collected in an array of 7 precipitators and is transported to
ash bunkers from where, if it is not to be used fer any other purpose, it is transported
to be dumped in the mined-out open cast mine workings.

An average chemical analysis for the ash produ ced at Lethabo is given alongside the
same figures for Matla in Table 2.2. These figures are the average for two analyses
for 1989Y4]

When ash is required for cementitious use it is transported in a dry state to an air
classifier which produces a product to meet SABS 1491-1989 requirements. This
partlcuor classifier it;; designed to be able to supply 400 000 tons of classified fly ash
per annum.

2.3 History of the use of fly ash

In order to understand the use of a material such as fly ash it is necessary to go a
long way back in history and look at the use of a natural pozzolan.

2.3.1 Fly ash as a pozzolan

The AC! defines a pozzolan as a sltlcsous or siliceous and alumluous material, which
in itself possesses little or no cementitious value but will, in finely divided form and in
the presence of moisture, react with calcium hydroxide to form compounds possesslnq
cementitious properties. [16]

The first record of the use of a pozzolan cates back to the days of the Roman Empire
when USH was made of a natural pozzolan - a volcanic ash - obtained from a. place
called Puteoli situated near the volcano Vesuvlus.!" In this particular case the
pozzolan was used together with building or hydrated lime and the users were
surprised at how hard this particular mortar became.

Fly ash as the residue from the combustion of coal is similar to such natural
pozzolans. It will react with calcium hydroxide to form cementitious products. The
calcium hydroxide can be derived from hydrated lima or from the hydration of portland
cement. Substantial quantlfles of calcium hydroxide are generated during the hydration
of portland cement and this material does not contrtbute materially to the strength of
the hydration products. Indeed portlandite, the crystalline form of calcium hydroxide,
contributes to the susceptibility of hardened portland cement pastes to attack by
various aggressive chemicals. In the process of the pozzolanic reaction the calcium
hydroxide is consumed during the formation of further cementlnous products in the
form of calcium silicate hydrates.
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2.3.2 The modern use of ny ash

An early investigation into the chemical similarity of coal ashes and natural pozzolans
was published in the June 11 1914 issue of the USA publication Engineering News and
subsequently referred to by Malhotra.!" No significant fly ash utilization resulted from
this article. Mielenz[19lin 1983 reported that in about 1~)32fly ash was first used as a
mineral admixture after research done by power utility compan'es. In 1937 Davis[20]
published the first detailed scientific study of the use of fly ash based on work done
at the University of California, Berkeley.

In 1942 the US Bureau of Recl&mation used fly ash as an extender in tunnel spillway
repair works at the Hoover dam. The same organization was responsible for the next
significant step with between 24 % and 32 % fly ash in Ule concrete of the Hungry
Horse dam in Montana. The use of fly ash in mass concrete became fairly routine in
the USA up to the late 1960's. The oil crlsls of the early 1970's provided the spur for
wider use of fly ash in the USA, culminating in the use of 10 million tons of fly ash in
1988 from an available total of 45.4 million tons ie a utilisation of 22 %[21].Malhotra'"
reports that current USA legislation requires the use of the highest possible proportion
of recovered materials in work paid through federal funding.

In Canada the first use of fly ash was in the early 1950s in mass concrete appllcations.
Subsequent use ran roughly parallel to the developments in the U.S.A. Current use is
1,1 million tons in 1988 from an available total of about 3,2 million tons, ie 34 %
utlltsatlonf"

Acceptance of the concept of using fly ash was slower in Europe than in America with
the use in several European countries only starting in the late 1970'~;. As much O'fthe
fly ash used in Europe is in the form of factory blended cements this slow acceptance
may have been due to the reluctance of vested interests to permit a competitive
material onto the market. It is however notable that some European countries have
extremely high levels of utilization of the fly ash they produce eg Austria 38 %, Belgium
68 %, Denmark 73 %, West Germany 76 %, Italy 57 %, and The Netherlands 97 %.[21]
It is possible that these high levels of utilization are as a result of the importance these
countries place on environmental protection and the high "cost" put on tile dumping of
waste materials.

Australia recorded their first use of fly ash in the 1950's with imported ash for mass
concrete backfill. Only after a major research project's findings were published in 1966
was full scale commercial use of locally produced tly ash cornrnenced.f" Tod2.Y
Australian industry is reported to be using 0.56 mil!ion tons of an available 5.2 million
tons ie about 10 %.[21]

2.3.3 History of Fly Ash In South ~~frica

In 1977 a company by the name of Saffic Resourc€ls concluded an agreemlmt with
ESKom awarding them the rights to all the PFA produced by Eskom.[231(In those days
the term Pulverlsed Fuel Ash PFA was the accepted terminology.) The owners of
Saffic Ret-ources were Messrs P Bates and P Newton-King. The operation !,_,I,arted
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with a small plant at the Grootvlei Power Station, and the plant was expanded in
1978-1979. Without technical backup however Sudic Resourcs.. met with little
SUCCHSS.

In 19T1 Randmix bought a 60 % interest in Saffic and not much later 0 & H bought
Handrnix thereby becoming majority shareholder of Saffie Resources. In 1978 D & H
bought out Mr P Newton-King and the company name was changed to D & HAsh
Resources. In 1980 D & H Ash Resources obtained a 100 % holding by buyinfi the
outstanding shares held by Mr Bates.

In 1980 0 & H Ash Resources signed the first major contract for the sale of fly ash in
South Africa with the Westonaria Gold Mine. Fly ash for this contract was supplied
from Taaibos Highveld power station. The fly ash was used in grout packs for support
of the hanging wall. In this case the fly ash was used in a 50/50 blend with ordinary
portland cement. With the Signing of this contract D & H injected skills and financial
assistance into D & H Ash Resources. A facility with a capacity for handling 60 000
tons of fly ash per annum was erected at this power station. The plant was dosed
when Taaibos Highveld power station closed in '1986.

The handling facility at Grootvlei was enlarqsd in 1981. In 1981 a precast block
manufacturer was a significant user of fly ash; this producer has been using a triple
or ternary blend of fly ash, ordinary portland cement and ground granulated
blastfurnace slag (ggbs) since 1981.

In 1982 a handling facility was installed at Matla Power Station with a capacity of j7(J
000 tons per yaar. This was increased in stages to the present capacity of 250 000
tons per year. The initial plant at Matla consisted of a selection plant, a 1 000 ton
storage silo and a 750 ton loading siio at Oban station. In 1985 an air classification
plant was installed.

In 1982 a Cape Town based ready mixed concrete producer started making use of fly
ash in the concrete they produced. During the period up to 1983 the major users were
mining companies and ready mixed concrete producers. In 1983 the contractor doing
the Inanda-Wiggins tunnel in Durban elected to use fly ash in the concrete. The
Nedbar.k centre, a prominent structure in Johannesburq, was bl~il~in 1984 using fly ash
in the concrete. Also in 1984, customer demand from Vaal Reefs and other gold mines
in the area prompted Pretoria Portland Cement (PPC) to start UP a blending plant to
produce a portland cement containing 30 % ily ash specifically for this group of
customers. In 1985 Goldfields did a shaft lining using a 15 % fly ash concrete mix.
This was the first time that fly ash had been used in an application where the 8 hour
strength is a crnlcal factor.

/I (,
I
i..

In 1985 Blue Circle introduced a portland cement with 15% fly ash from their Indt Istria
depot using the trade name Readybiend.

The department of Water affairs spent a lot of time from 1983 to 1985: on resoarc h into
the use of fly ash in dam construction. In 1984-5 the Bonnybrook dan was
constructed near Amsterdam in the Eastern Transvaal. This was the first mass
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concrete dam in South Africa to incorporate fly ash.

The Department of Water Affairs then undertook their first rollcrete dam construction
projects at .Zaaihoek near Standerton, and the DeMistkraal dam situated about 30 km
south e,f Somerset East in the Cape Province. The former made use of a, rtlix
contalnlnq 70 % of ggbs, while the mix for the latter contalned 50 % fly ash. .

!i

Structures constructed in the period 1986-7 and usint1 fly ash included penstock
towers at Bafokeng (30 % fly ash) and the first bridge for the National Transport
Commission in which fly ash was used at Felixton near Richards Bay in Natal.

0& H and Blue Circle merged in 1986 and 0 & H Materials became a wholly owned
subsidiary of Biue Circle Materials. Subsequently the company became integrated with
Blue Circle Cement and lost contact with Biue Circle Materials. The company nama
was changed to Ash Resources (Pty) Ltd,

In 1989, after negotiations lasting about 1 year. Ash Resources became a jointly owned
company with 4 equal shareholders. narnsly Anglo-Alpha, Blue Circle, PPC and
Eskom.

The Department of Water Aff~irs' first rollorete arch dam, and in fact also a world first,
was the Knellpoort dam near Bloemfontein. This dam was constructed in 1988. The
world's second rollcrete arch dam is the Wolwedanr dam near Mossel Bay which in
1990 was nearing completion. Both of these projects mane use of fly ash; in the case
of Wolwedans 70 % fly ash was used in the mix,

Petermix started producing a 30 % fly ash blend for the market in the Pietersburg area
in 1988. A similar operation was started by lnterafrlca in Swaziland a year later.

The most recent fly ash production facility was due to be commissioned at the end of
1989 at Lethabo power station. It was designed to handle 400 000 tons per year but
room was allowed for expansion. A 3 000 ton storage silo was provided. This plant
uses an air separator for classifying the fly ash.

The introducticn of fly ash into the field of structural concrete has apparently been
slower than into the mining or ready mixed concrete fields. This has been attributed
to a greater degree of conservatism amongst the designers involved.(~l

Table 2.3 gives the annual sales iigures from Ash Resources (Pty) Ltd for the 8 years
to 1989. These data are portrayed graphically in figure 2.1.
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Figure 2'.1
Quantity of fly ash sold per year
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At the end of 1988 the consumption of fly ash in South Africa was about 0,5 % of the
total fly ash proouced'", About 30 % 01 this consumption is in cementitious
applications while most of the balance is uftllsed in mine backfills.

This then is the picture as far as the history of the use of lly ash is concerned. The
next chapter gives an impression of the extensive spectrum of published information
on the technical aspects of the use of fly ash around t~ieworld.
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Table 2.1

Ultimate analyses on coal samples

rr=============~====F=~====~======~1
Parameter Matla Lethabo

% %
Inherent moisture 4,95 5,90

Ash 23,20 36,45lr-----------------~------~~------·-
Carbon 55,49 42,81~·~----~--~~------l~------·~I
Hydrogen 3,46 I 2,68

II--N_itr_0..;:;.,ge_n. ,t- 1,35 Itn--- 1,17

Total Sulphur ?'99~r- __0,61
Carbona.te{as CO2) i ,66 1,43Ir--------~--~----~-----

rExygen (difference) _.-j '~''\r-:_11"' __ B_,_96__
1I

I.!;..::G:.::. ,a='=or=if=ic=V_a=lu=e=(=M=J/=k=9)=====i:::=:=2=1,=c3'"=7 ====1=6=,1=1=u

Table 2.2

Chemical analyses of typical ash samples from 2 sources
(not representative of the samples used in this research)

Phosphorus (as P20S) 0,95 0,45

Matl? %Parameter i..ethabo
%Ir-------------·---+----~~r----·--~I

(a!) S!,O_~;.....J _--Ir--_50_,8_5~1r-_5_2,_55 __ iI

Aluminium (as AI20S) 26,40 I 29,75
II--~----~--- --

Iron (as Fe20S) 4,35 ~ 3,95 I

Silicon

Titanium (as TiO:) 1,35 1,55

~1?iUm (as CaO) 8,55 5,45

~Q.n.e~ilJm (?J MgO) 2,20 1.35

ISodIum , (as,...N_a.;;..20_;.)_-t-__ 0_,5_0_-;Ii- O;_,2_0-l1

Potassium (as ~O) 0,95 0,50Ir-----------~~~---t--'--~----~I-------'---~I
Equiv Sodium (as N~O} 1,13 0,53

II--~-------""':';"''';'_+--_'';''--ill---""'"''ll
SulphlE' (as S03) 1,95 , 2,10

Manganese (as MnO) --o:;;,~.=0,03 I
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Table2.3

Quantity of fly ash sold
(tonnes/annum)

YEAR VOLUME
(tla)

1982 71482
1983 94741I~------~-----~I
1984 119052
1985 122760

I ;::;- ::::::
E1g;-'--+--1-94-1-7-6-II

1989 242708
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CHAPTER 3

3 SURVEYOF RELEVANT LITERATlIRE

GLOSSARY OF TERMS
relating to methods of mix proportioning fly ash mixes

Beptaoement method. This is a direct mass replacement of fly ash for cement. This
method will commonly result in a drop In strength at ages up to, and sometimes
beyond 28 days. It is necessary to compensate for the lower relative density of the fly
ash by modifying the sand content of the mix to correct the yield.

Addition method. This method involves incorporation of an additional mass of fly ash
without reduction of the cement content. This method is used for lean mixes where the
addition of fly ash improves workablnty and reduces bleeding and permeability. The
sand content of such mixes will be reduced as the fly ash essentially replaces sand.

Partial replacement method. This method is commonly used when comparable
performance to an ordinary portland cement concrete is desired and the typical target
will be 28 day strength and equal slump. Again a correction should be made in the
sand content to correct for the yield.

Independent proportioning method. Such methods start from the principle of
meeting specific concrete properties and do not consider an ordinary portland cement
control. They would endeavour to provide the most economical mix proportions with
the available materials.

ASTM C 618-891 Type F fly ash. Fly ash produced by .burning anthracite or
bituminous coal. sornetlrnes referred to as low-lime fly ash. South African fly ashes
would generally fall in this category.

,,
i

~
j('!~,
i
\_

ASTM C 618-89 Type C fly ash. Fly ash produced by burning lignite or
subbituminous coal, sometimes ;eferred to as high-lime til" ash.

1 American Society for Testing and Materials. Standard Specificat!on for Fly
Ash and Raw or Calcined Natural Pozzolan for Use as a Minerai Admixture
in Portland Cement Concrete, Philadelphia: ASTM., ('1988). (C618-89).
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3.1 Introduction

The research on which this thesis is based is presented in the following chapters using
a sequence from fresh to hardened concrete or mortar characteristics. In order for the
literature survey to form a coherent whole with the research work the same sequence
IS used for this chapter.

Section 3.2 covers the physical and chemical properties of ashes whiie sections 3.3
to 3.8 cover the effect that the use of fly ash has on concretes and mortars. Detatled
discussions of the findings reported on are not given in this chapter as this will be dons
in later chapters in the discussion on the results generated for this study.

3.2 Physical and chemical properties

Characterization of fly ashes has received much attention as workers in the field soon
became awaro that not all fly ashes behaved in the same way when mix&d with
cement. An alphabetical list of these attributes is given in the following paragraphs.

3.2.1 Alkali Content

Some concern has been expressed about the relevance of the alkali content figures
quoted for cements when the issue of alkali silica reaction is discussed. This is
particularly important when alkali levels in fly ash are considered. The total alkali
content, as determined by X-ray spectrometry, and the acid soluble alkali content
determined by solution in acid, are less meaningful than the active alkali content that
is produced by exposure to a calcium hydroxide solution for 28 days.' The ratio
between active alkali to total alkali contents seems to be about 40 %.2

Barlow and Jacksorr" found that a significant proportion of the alkali present in fly ash
is released when held in an aqueous solution with cement: in the ASTM C-311 test
they found 33-39 % of the total fly ash alkalis were released, while in lonqer tests the
alkalis contributed by the fly ash could increase to 50 % of the total alkali content of
the fly ash. Nixon et al[25}showed that while the total alkali content of fly ash might be
high the water soluble alkali content was low. Some of the alkalis are held in the
glassy matrix and only become available once these glasses are dissolved by the
calcium hydroxide released by the hydration of the cament. Generally they found fly
ash to be a nett contributor of alkalis to the pore solution at 28 days. In contrast to
this, Byforsl26) found that the pore solution pH decreased with fly ash addition.

---------------------r f"! .. -- _
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!
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l

Obernolster, R E. Alkali reactivity of siliceous rock aggregates: diagnosis
of the reaction, testing of cement and aggregates and preeentatlon of
preventative measures. Sixth International Conference" Alkalis In
Concrete, Proceedings, Copenhagen, Jun. 1983, pp. 419-·43:;1.

Davies, G. Personal Communication, Division of Building Technology,
CS!R, Pretoria, Jul. 1991.
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KoHek[27)suggested that about 17% or the acid soluble alkalis in the fly ash become
available for further reactions.

In summary therefore it seems that the quality of the ash may have some influence on
the final pH of the pore s(llution and this may affect the durability cf concretes which
contain aggregates which are sensitive to alkalis.

3.2.2 Beneficiatiol:l

Beneficiation by means of an air classification process was shown to lead to selective
removal of tine iron rich pertlctes, tile irregular shaped particles as well as large
spheres and fragments of spherical particles, and to concentrate trace elements
sligh'tly in the finer fractionsysl

Beneficiation by selection of 11t ash from the second or subsequent fields will be shown
in later sections of this chapter to, reportedly have an influence on the water demand
of fly ash mixes.

3.2.3 Calcium oxide content

Calcium oxide content of fly as: Iwas shown by Valentt' ·.9ta('9.30)to be one of the main
factors, along with particle b'LIJ distribution, detemll.ling the mechanical behaviour of
the fly ash in concrete. MtJl.I~information will be provided on this topic in the
paragraphs on compresslve stranqth.

3.2.4 Carbon content

1
I
'1

Valente at al[29]gave the loss on i;lnition (LOI) at i'50 degrees centigrade as a measure
of burni:1g efficiency as it detemtnes what proportlon of carbon is left unburned.
Munnl31) noted that the LOl, the resldue on the 45 m!crometre sieve and the colour of
the fly ash are used in the moniioring of fly ash quality.

Mehta[32]recommended that a sir:!~lefigure for LOI of 6 % be used for aHextenders as
the only mandatory chemical requirement.

Kruger et a11S3
]showed carbon content of fly ash to influence the water demand of the

mix but as South African fl~' ashes have loss on ignition figures of between 1 and 5 %
he suggested that the effect can be regarded as negligible for local ashes. Valente et
al[29)gave high values for carbon contents of fly ashes derived from South African coai
but ascribed this \0 poor burnin!! efficiencies of the Italian power stations.

Dunstanl34! however ShOW(3dthat high carbon ashes can rC3 used successfully in high
fly ash concretes, and Valente 'I~tat reported on a fine fly ash with 13 % LOI that had
been used successfully YiOl

Oosra and Masaazza'" reported that the carbon content is a factor in determining the
rheological behaviour of fly ash mixes. This may be due to Diamond's contention that
the Swiss-cheese-like non-spherlcal particles are found to be composed of

~
! c'
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incompletely oxidized coal and melted organic matertat'" The carbon content of fly
ashes is also reported to influence the measurement of surface area.(37)

Alstead Nielsen(36
) pointed out that the carbon in fly ash is undesirable due to its effect

on colour and the tendency it has to absorb chemical admixtures. The South African
CSIR showed that the carbon content of a fly ash is dependent on the rate of
combustion, the air/fuel ratio and the fineness of the coal.[39)

Osback[40)found that the carbon content of fly ash influenced both water demand and
strength development of fly ash mixes.

There is thus some consensus regarding the fact that carbon is an undesirable
component of fly ash, but the presence of smali quantities of carbon do not necessarily
make the fly ash unsuitable.

3.2.5 Cenospheres

Dhir et al(41)described cenospheres as hollow fly ash particles that float on water.
They concluded after using heavy liquid separation techniques that a major part
(97,6-99,9 %) of the fly ashes tested were cenospheres. Local recearchers concur
with the belief that the majority of particles appear hollow.t42J

The ACI pointed out that the presence of cenospheres influences the apparent specific
gravity of the fly ash.!43J Dhir et al(44)showed the cenospheres to be hydrophillic and
noted that a high proportion of unreacted cenospheres could be detected in mature fly
ash concrete.

There seems little doubt that a fairly substantial proportion of cenospheres occurs in
most fly ashes but the significance of this to the suitability of fly ash use in
cemenntlous mixes is not clear.

\
!
~i

3.2.6 Chemicalcomposition

Diamond(36)contended that the overall chemical analysis of fly r sh is meaningless other
than to give an indication of the statistical average composition. Nevertheless many
authors have undertaken extensive analyses in attempts to classify the fly ashes being
worked with. A few papers are cited here to give an idea of the spectrum, but
commonly a ohernlcal analysis would form part of a research paper.

Some researchers'" found th~t sub-bituminous coals produce fly ashes with more
CaO and iess Fe203 than those derived from bituminous coals: they pointed out that
the bulk of the particles are glassy but that some crystalline quartz and mullite may be
present. They also noted that the quartz content decreased with increasing preclpltator
field number.142)Manz[45Jlisted the crystalline minerals as quartz, mullite, magnetite or
ferrite spinel together with calcium suiphate and alkali sulphates and agreed that there
is little correlation between oxide composition and reactivity. Munn,[31]on the other
hand, found that the chemical composition depends to a degree on the operating load
of the power station. The major change, as could be expected, was the loss on
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ignition. or carbon content, with other oxides changing only in proportion to the dilution
effect of the carbon. The ACI committee ascribed the presence of glassy particles to
the rapid cooling that the particles undergo.[.o\3]

Dhir et al pointed out that the chemical composition of the fly ash does not define the
pozzolanicity of tra ash, and noted that the mullite and amorphous components are
derived from the melting of the incombustible illite and kaolinite in the coal.[4.o\)

Mehtal32] noted that the aspect of calcium and magnesium unsoundness is easily
determined using tho Ie Chatelier test and that it was not necessary to carry out an
autoclave test.

Willis et a1146
)found a marked effect of the particle size af fly ash on the concentration

of volatile trace elements - this changes through the bank of precipitators.
Comparisons have been given between different South African sources and also
against values from the USA.

Commonly it seems that the chemical composition from a particular source plays a
relatively insignificant role in determining the suitability of the fly ash. There may
however be an impact on some of the characteristics of the fresh mixes but this will
be discussed in latar paragraphs.

3.2.7' Environment: Disposal and energy saving

Valentel29) indicated in his paper that when the)fly ash content exceeds 10 % of the
mass of the coal burned the disposal or utillzatlon becomes an environmental problem.
In Italy the power stations burning South African coal use a relatively high grade coal
when the ash content is compared against the levels at Matla (17,5-33,0 %fl and
Lethabo (28-42 %)y3J The disposal pr.,blem is therefore a proportionately larger one
in South Africa.

Dunstarr'" pointed out that the use of fly ash in concrete reduces the energy
consumption of the concrete as fly ash requires less energy to produce than ordinary
portland cement. Souerbren'" mentioned that the dumping of fly ash presents an
environmental hazard due to the leaching of soluble toxins, and this was therefore an
option that was no longer considered in Holland due to the lack of space. However,
also in the Netherlands, ENClt.o\8)indicated that th\9health hazard on exposure to fly ash
dust was no ~reater than that on exposure to ordinary portland cement. Van dar
Schaaf et al'" showed further that exposure to fly ash dust posed no dangers from
silicosis, toxic:ty, radioactivity or carcinogenicity.

There are thus two environmental benefits to be had by utilizing fly ash in concrete: an
energy saving and a reduction in the quantity of a potential pollutant that needs to be
dumped.

3.2.8 Flovv
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Alstead Nielsed38J pointed out that the flow characteristics of dry fly ash powder are
superior to those of ordinary portland cement, and less difficulty can therefore be
expected in transporting the material.

3.2.9 Glass content

Valente et all29•3O) indicated that the glass content of fly ash is not an important
parameter for it's mechanical properties when used in concrete or mortar. Fraay et
al[50)postulated that the glass had to go into solution before any pozzolanic effects
were noted and this required about 14 days and a pH of greater than 13,2. They noted
that the temperature is of great importance in this process. The glass eventually all
reacts leaving the rnunlte lattices behind.

Berry at al(29)indicated that beneficiation appeared to increase glassy particle content
as fineness increases with an accompanying drop in quartz and mll!!ite content.

While the glass component of fly ash is important it seems that within the range of
glass contents commonly found in fly ash there is little effect on its suitability for use
in concrete or mortar.

3.2.10 Gypsum and sulpt~atEjcontent

o

Some fly ashes have a high S03 content - this allows a reduction in the gypsum
content of a cement during manufaofure of a blended cement but can cause a
complication in that the optimum gypsum content is no longer as clearly ~efined
according to Haque et al.[51]Giergiczny and Werynska[52]came to similar conclusions
but found that the gypsum could be omitted altogether in some cases.

Ravina[53)indicated that the fly ash particles become coated with su!phates as they cool
in the boilers; these lead to early expansion "' a mix with extra formation of ettringite.
luorn'54]said that the sulphates in the liquid phase are activators and create complex
secondary hydrates. Mehta[S2]showed that fly ash with high sodium oxide and SUlphate
content tends to accelerate the setting and hardening of fly ash concrete. Manz[55)
showed that three fly ashes with sulphate contents in excess of ASTM limits had been
used successfully in high replacement fly ash concrete.

Associated with sulphatss IScalcium trisulphoaluminate hydrate (ettringite). Juri-yuan
et al(56)showed that the use of fly ash allows the conversion of ettringite to the
rnonosulphate before 7 days while in the control mix this only happened at about 28
days, but noted that this might only occur with fly ashes having low sulphate contents.
This conversion is accompanied by an increase in microstructure density.

Berry at al1281 noted that the fly .ssh particles provide nucleation sites for C-S-H gel and
ettringi~ewith a slowing in the rate of formation of calcium hydroxide and acceleration
in the rate of formation of ettringite. Saito et al(57] found that ettringite normally occurs
at the aggregateipaste interface, but the use of fly ash restricts this.
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This would appear to be an example where the chemical composition of the fly ash can
be significant in determining the suitability of the fly ash for use in blended cements
where these are required to meet setting time and sulphate content requirements. The
control that the use of fly ash places on the formation of ettringite at the aggregate
interface may improve the aggregate/paste bond.

3.2.11 Partlcle size distribution and surface area

Valente et al(3O)showed that the particle size distribution and the calcium oxide content
of fly ashes arc. the main characteristics influencing the mechanical behaviour of
concrete or mortar mixes incorporating fly ash. Schiessl and Hardtl(5BJfound that an
improvement of the particle size distribution of a fly ash by classification or grl.lding
had a positive influence on the workability, early strength and pozzolaruc reaction of
a mortar. They also noted that fly ash efficiency could be improved if the particle size
distribution could be made to compliment the grading of the cement and aggregates.
Some authorsI42.~gJhad similar findings on the degree of reactivity after grinding,
although others disagreed.l52) Dhir et al1411showed that only the coarsest of particles are
broken down during grinding. Osborne and Nixon noted that intergrinding of a cement
with a fine ash leads to little improvement in pertormance.'"

Pat et alISO]recorded the particle size distribution of fly ash using a sedigraph and found
a range from 1,5 to 90 micrometre with about 10% exceeding 45 micrometre. Manz'"
gave a size range from 0,t micro metre to 1,0 mm and found the nitrogen absorption
surface area to lie in the range of 300-500 m2/kg.

The carbon content of fly ash is reported to influence the assessment of specific
surface of the ash.'" Butler warned that due to the fly ash particle density being highly
variable (from 0,7 to 3,0) the specific surface of fly ash should be expressed by
voturne,"? This phenomenon could affect the measurement of particle size distribution
too.

ldorn and Thaulow'" noted that the fineness of tjy ash should at least match that of
the cement as most coarse fly ash particles do not react but merely act as micro-
aggregate particles. Many authors confirm the significance of the fineness of the p~h
as measured by the retention on the 45 micrometre sieve as being a good guide to the
performance of the ash, with low retention values being advantageous.[3O·31.32,42.44.61.63]
However, the fineness cannot predict the reduction of water demand that may occur,"?
nor does it have much influence on the degree of retardation of setting time.ISS]

Gopalan and Haque[66]noted how a fly ash becomes finer as it proceeds through the
different stages of the electrostatic precipitator.

The particle size distribution together with the fly ash fineness appear to b~ important
characteristics of quality, but the grading of the ash should be compatible with the
overall grading of the other components of the mix so as to provide a smooth grading
for the total mix.

3.2.12 Specifications fo~ fly ash

3.7



t

iO

Fly ash is a material whose composition and cementitlous properties depend to some
extent on the physical and chemical charactertsncanot all fly ashes work well in
cementitious mixes. In an attempt to provide guidelines as to which fly ashes are
suitable, many COL .itrles have compiled specifications for the physical and chemical
requirements of the fly ashes.

The South African CSIR summarized the specification requirements fo." various
countrles.f" and commented on the various desirable (eg. 45 micrometre residue and
water requirement test results) and undesirable clauses (eg. pozzolanicity Indices and
free magnesium and calcium oxide contents)}681

Mehta noted that there is general dissatisfaction with the various speclftcatlons on fly
ash and slag as there are too many requirements which have bee(J found to be
unnecessary.f" and mdlcated that the specifications should be performance-based
rather than prescnptlvaP" Manz[S31had similar views and added that the division of
class r.:, and class C should be in terms of the degree of self-hydraulicity rather than
on the calcium oxide content.

Potter noted that the Australian specifications have changed with time and there are
moves towards monitoring the variability of cement and subsequently that ot fly ash.!701

The tests for pozzolanicity of fly ashes have been criticized as taking too long when
done with cement and being irrelevant when done with Iime.l71J

The general view has been well summed up by Brizzi[721when he stated that it. seems
inappropriate to rely on many prescriptive requirements for fly ash when they have little
boaring on the performance in concrete.

3.2.13 Variability of composition

Dunstan,l341Iooking at the rnacro-varlabllity of fly ash pointed out that the variability in
quality causes more problems than using fly ashes which do not comply with the
British Standards specification. D & H Ash Resources showed that the inclusion of the
selected fly ash available in South Afrk.:a at the time did not increase the "ar~ability of
the strength results from the tests done.(73)

Dlarnond'" looked at the issue of variability on a microscopic level. He said that the
fly ash constitutes the particulate residue of the responses of individual particles of
ground coal to brief exposure to high temperature oxidising conditions. Each particle
is therefore liKely to differ sli~1htlyfrom the next, but on a macroscopic scale this will
probably have little impact on the performance of the fly ash.

Macrosooplc variability of fly ash is thus likely to lead to noticeabla changes in the
behaviour of mixes incorporating fly ash. In South Africa the vast quantity of fly ash
available for use allows the producer of cementitious grade fly ash to be very selective.
The likelihood of macroscopic variation should, given a commitment to uniform quality
by the producers, therefore be less of a problem in South Africa.
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3.3 Rheology, setting time and bleeding

The impact that incorporation of fiy ash has on the level of flow or workability of a mix
is of considerable importance in determining the economic feasibility of the use of fly
ash. For this reason the problem is approached in a number of ways in the following
paragraphs.

3.3.1 Rheology

Rheology is defined as "the science of the deformation and flow of matter" and is thus
concerned with the retatlonshlps between stress, strain, rate of strain and timeY41

For the concreto technologist or the site foreman this characteristic is the one which
determines how easily the mix can be placed and compacted on site; the water content
of the mix is a critical aspect of this property. The most commonly used test on site
rs the slump test, and this allows the mixer operator some control of the water content.
This aspect of the measurement of the flow characteristics of the mix is discussed first.

3.3.1.1 Assessment of workability with the slump test

Many authors[34.4'.75Jhave noted that the slump test gives a poor reflection of the
improvement in the mobility and ease of compaction of mixes using fly ash. While
some researchers attributed part of the improvement to the spherical shape ot the flv
ash particles,i42J Dhlr et al[4'1suggested that the effect is brought about by influence of
the fly ash on the agglomeration of the mix. Kruger et al[33Jindicated that the increase
in mix cohesion helps improve the workability.

-

The improvement of the workability is more commonly measured by the amount of
water that can be removed from the mix and still give the same slump as tl"''' control
mix (which has no addition of fly ash). This is also referred to as a reduction In the
water demand of the mix ie the quantity of water (litres} required per cubic metre t)f the
mix. Hobbs for example indicated that the water demand increases when fly ash is
used as an addition to a mix, although he suggested that interground cements might
have lower water demands.?" Other authors believed that milling of fly ash to Increase
fineness makes litt!e difference to the water demand of mortar mixes}42J Van Zyl[i7J
found no reduction in water demand for an increase in fineness of an interground fly
ash cement.

The area of fly ash use that has received the most attention is that of partial
replacement. Hobbs'" stated that the reason for the water reducing effect is that an
active component (cement) is being replaced by one that is inert at early ages (fly ash).
Hobbs further reported that the general order of water reduction lies between 7% and
12 % (or 2·..4 % for each 10 % of fly ash used) although this effect apparently
disappears above a total cemontitious content of 450 kg/m3,

Dhir et al[4'Jsaid that the water demand reduction is proportional to the product of
fineness (45 micrometre retention) and loss on ignition of the fly ash.

.J,-/
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Other authors ascribed the water demand reduction to the smooth spherical shape of
the fly ash partioles.[42JThey found that water demand of mixes decreases along with
the number of precipitator fields that the ash has passed through betoro selection and
use, Carbon content was shown in this study to aHect thewater demand - high carbon
content as revealed by the loss on ignition being associated with high water demand.

Ravina and Mei"lb'3.[781found that the reduction in water demand permitted an increase
in cement water ratio without increasing cement content In another paper?" these
authors found a water demand reduction of 10-15 litres/rn" for 50 % fly ash content
and 15-20 litres in the case of 75 % fly ash mixes.

Van Zyl found fly ash from a particular source to increase the water dernand'"
although the other source investigated showed a reouction." Dunstan"? also
determined that the quality of the fly ash had an effect on the magnitude of the
reduction in water demand and found that a high quality ash permitted mix proportions
with a lower cernemltlous material content than was the case with a poor quality ash.
The ACI committee 220 concurred by noting that the use of fly ash normally allows a
reduction in water content!"

Olek and Diamond used a different approach and determined how much extra
aggregate could be added to a mix without reducing the slump when various
proportions of fly ash were used.IB1J A substantial addition of aggregate was found
possible for 15 % fly ash but the quantity of the additional aggregate was found to
reduce if the fly ash content was increased to 25 %.

In contrast to this study' Thomas st al[82;found the magnitude of the water demand
reduction to lncrease consistently with fly ash content, varyinq from 8 litres at 15 % fly
ash, 15 Ii1resat 30 %, to 26 lltres at 50 %.

Berry et al[2&)found that the proportion of fly ash particles lar'ler than 45 micrometre
adversely lnfluences the water demand and these particles contribute little to the
compressive strength. Dahl[83]found that the intergrinding of a poor fiy ash allowed little
reduction in the water demand. Butler[611showed that most fly ashes will permit a water
reduction but pointed out that the cement used plays an important role; he found that
a high water demanc cement wili give greater water demand reductions than a cement
with a lower water demand.

(I Sarnarln, working with mortar's with constant ASTM C-i09 flow values found that the
water demand decreased or increased depending on the proporflon of fly ash used,"?
The flow reached a mlnlmurn value at between 2 and 3 % (by mass of mortar) fly ash
content, but increased steadily with increased fly ash content beyond this point.

Helmuth[B5]suggested that the water reduction is due to the adsorption of the finest fly
ash particles onto the cement grains which prevents their tlocculatlon in a manner
similar to a water reducing agent. The lrnp.oved mobility of the mix he ascribed to the
ability of the increased paste volume to separat€l the aggregate particles but pointed
out that as there is a possibility of aggr~gate interference with coarse ashes the
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greatest water reductions are found with the fly ashes having t'1e highest specific
surfaces. Roy!8S]reported that the floc structure of fresh cement paste is fnterrupted
by fly ash thus creating smaller units and leading to greater workabiiity.

Brizzi et air::.!) found the only attribute of fly ash to correlate well with reduction in water
demand was the carbon content. The correlation was only gooo for fly ash with carbon
contents greater than 12 %. Cornelissen et al{87]foond that substitution of fl~' ash for
cement generally improved workability. Schiessl and Hardtl[68} reported that if the
incorporation of fly ash lrnp, ~d the particle size distrlbution of the cernentinous
fraction then the water demanu. -duced. Air classification WaS reported to improve t,he
rheology of the mix. Theissing' m stated that an irnprovement in the shape of the
grading of all the soltd materials in the concrete brought about by l sing fly ash may
also contribute to reducing the water demand of the concrete.

Two ENCI papers reported that fry ash replacement of cement improves workabUity,I88J

and that the water demand is reduced by 5-11 iltres for a 25 % fly ash contl'~nt.(41l]
RiViera reported that using 30 % fly ash and a superplasticiser permitted a cement
saving of 40-50 %.(oPJ

Tlkatskl et al[90]reported that fly ash mixes exhibited a greater degree of slump \106S

which they ascribed to the lower water content permitted by the use of the' ash. Rivera
had similar findings and commented that this occurred irrespective of the temperature
of the mix.[91l lonescu and lspas'" provided contrary ev'dence where the fly ash mix
lest slump at the same rate as the control mix, but as It started at a higher slump, the
fly ash' mix took longer to get to ~he lowest acceptable slump.

The consensus of opinion would therefore seem to be that fly ash will lrnprov> the
workability of a mix in which it is incorporated on a partial replacement basis but that
the quality of the flv ash and the cement used will cetermlne the magnitude of the
change. The ct"ial1g&smeasure' : 1'1 the slump test may not be a true reflection of all the
modifications that have occurreo m the placeability or compactibility of the mix.

3.3.1.2 Viscosity measurement

The technologist in a laboratory has more sophisticated means of rneasuring the
rheology O'lf the mix or of some of its constituents than the relatfvely crude slump test,
and this topic has had substantial coverage in the literature. In laboratory assessment
01 rheology the most commonly used apparatus seems to be the coaxial cylinders
viscometer.

Atzeni et al(93) pointed out that the fundamental role played by the experimental
conditions has sometimes led to gross discrepancies in the resuhs obtatned, As the
results of paste viscosity tests are rather sensitive to the method adopted, and
because no standard method seems to exist,l94J some references are provided to
illustrate the spectrum of results obtained in ordinary portland cement mixes as well
as tho~e incorporating fly ash. The majority of the work reported on here has been
done on pastes, although there is some mention of flow or other tests on mortars. I

i
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Atzeni et ai{93] evaluated a number of mathematical models ,\.0 see which most closely
represented the viscous flow behaviour of cementitious pastes. While the Bingham
model is commonly accepted as being representative of the behaviour ot pastes 'they'
showed other models to more closely simulate the actual flcw measured. The mixing
cycle used in At:::!eni'sI93]work was 3 minutes of hand mixing with a spatula using a
range of water cement ratios (w/c) from 0,3 to 0,45.

In another paper, Atzeni et all94] indicated that the rheoiogy of pastes represented by
tht.; yield shear strength correlates reasonably wei! with the slump and flow tests on
mortars. The mortars tested were mixed using an apparent standard test for mortar
testing, ie the Hobart mixer with the ASTM standard method C-30E, while the pastes
were mixed by hand using a spatula for a total of 3 minutes as betore. The range of
w/c ratios tested by Atzeni et alt94] ran from 0,3 to 0,6.

in contrast to this method of paste mixing Costa and Massazza/" used a high speed
rotary biade mixer for 90 seconds in the preparation of their 0,45 wlc pastes. They
showed the same shape of hysteresis cycle on a plot of angular velocity against torque
as Atzeni et ai, but noted that the fly ashes used in some of the tests had a limited
etfect relative to the results shown by the cement mixes.

Banfill and Rudzinskit95]used a mixing cycle of 500 revs/min in a laboratory mixer for
~ range of wlc ratios from 0.3 to 0,4. They too, found similar shaped hysterssts loops,
in this case on non-shrink cement pastes,

Diamond and Tattersall'" U89d a range of wlc ratios from 0,28 to 0,34 but gave 1'l0
dctanc of the mixing cycle used. They showed that while different types of behaviour
could be obtained using a smooth coaxial cylinders viscometer the variability was not
found when serrated cylinders were used. In all the above cases the hysteresis loop
had shown a reduction of torque on the down curve, is strain softening or ttnxotropto
behaviour.

Wolter[97jshowed that with time the hysteresis loops change from thixotropic to
antithixotropic (strain stiffening) behaviour. Most of his work was done at a wlc ratio
of 0,5. He noted that the viscous behaviour of cement from any source changed from
one shipment t('l ths next.

Ra:gelj[98]working with mortars with a wlc range from 0,3 to 0,6 fauna thixotropic
behaviour in a vane shear apparatus. Mixing was done to ASTM C-305.

Rudzinski[99]made mixes of varying proportions of cement and fly ash using 2 minutes
of spatula mixing followed by 3 minutes of 50 re'.'/min machine mixing. He worked with
wlc ratios (Jf 0,6 and 0,65. He founri the behaviour of the hysteresis loop to change
from thixotropic t'" anuthtxotroptc as the fly ash content lncreased. The shear stress
values were also seen to increase with the increase in fly ash content.

Odler et al[lOO] found they needed to use cement finer than BI,~inespecific surface 450
m2/kQin order to prevent too much sectrnentatlon occurring. .1Ef 'worked with a range
of paste w/c ratios frorn 0,375 to 0,55 and made use of the ASThiJC-305 mixer at 285
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rpm for 3 minutes; they found antlthlxotroplc pseudoplasttc behaviour. They
associated the antithixotropic behaviour with mechanical agitation of the paste during
hydration, but noted that the viscosity also depended on the fineness of the solids in
the paste.

Nessim and Wajda[1011used a cycle of 6 minutes of hand mixing with a spatula in
pastes of wlc around 0,3. They monitored temperature during the testing and
concluded that a 1,6 degree change resulted in little change in the results. They found
thixotropic behaviour in the hysteresis loop.

Massldda and Sanna1102}used 2 minutes of hand mixing Torpastes of wlc from 0,35 to
0,45 and incorporated from 20 % to 40 % of fly ash in the mixes. A very fine cement
(Blaine of 490 m2/kg) was used. They found pseudoplastic thixotropic behaviour with
the fly ash resulting in reductions in the peak viscosity levels reached.

Lapasln et al[103]used a cycle of some hand and some mechanical mixinp with three
wlc ratios of 0,35, 0,40 and 0,45. The cement was moderately fine (Blaine = 360
m2/kg).They found a partially thixotropic behaviour, and noted that if smooth cylinders
are used on the viscometer then the viscosity measured is that of the liquid and not
the homogenous suspension.

ISh-Shalom and Greenberg(104]found the predominant kind of behaviour to be
thixotropic but did measure antlthixotroplo behaviour when the mixes had been
vigorously agitated and allowed to hydrate a little. They used three minutes of vigorous
mixing (urider vacuum to avoid air entrainment) on pastes with a range of wlc ratios
from 0,4 to 0,8. They found that reproducible results could be obtained if the test
conditions were kept constant, and stated that the temperature did not play much of
a role in the early viscosity results. The results indicated that the viscosity is
proportional to the surface area of the solids, and also to the C3A content where this
was above 4 %, and that the antltblxotroplc behaviour was dependent on the C3A
content.

Helrnuth'" ascribed the increased resistance to flow of mixes with finer cements to the
tendency of the smaller particle= to flocculate. Destroying these flocs will increase
flow. He stated that fly ash is thought to deflocculate the cement by adsorption onto
the cement grains resulting in lrnprcvsd flow.

o
With the wide range of different mixing techniques used it is not altogether surprising
that widely differing results have been reported. A good example is the totally diffC3rent
behaviour reported by Rudzinski!99]and Massidda[l02]when fly ash is incorporated in the
mix. Unfortunately insufficient inforrnatlon has been given on the various fly ashes
used to be able to offer any explanation as to why one set of results indicates an
increase in shear stress with incorporation o~ I ash,[Slg]whil.,,-,the other indicates a
decreaseY021An important factor to be noted is that the test conditions need to btl kept
as constant as possible to ensure reasonably repeatable results.
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The influence that fly ash has on the st3tting times of cementitious mixes has received
a substantial amount of attention because of the potential impact that an increase in
these times could have on the construction techniques used on site.

Ravina and Meht~l.le51recorded increases in both initial and final setting times: ths
increases ranqed from 20 minutes to 260 minutes in initial set, and 60 minutes to 32~"
minutes in the fin~\1set They noted that the delays in setting times with partia'
replacement 01' cement with fly ash were smaller than was the case if the mix was
made with only the orclnary portland cement in the cement + fly ash mix proportions.
They also found that class C fly ashes ~1t.wegreater delays than was the case with
class F fly ashe's. They suggested that the delays could be as a result of sulphate
ions from the fly ash retarding the hydration of the tricalcium aluminate. In another
papar'"" they noted that the increase in setting time was proportional to the quantity of
fly ash used. They felt that fly ashes with high alkali contents could accelerate the
setting times.

Haque et 81[51] also found retardation of setting and further noted that the peak
te-nperature in the heat evolution curve was depressed by the incorporation of fly ash.
They supported the idea of sulphates in the fly ash causing delayed setting and
reported that the optimum gypsum content for a cement was altered by the
incorporation o~fly ash.

Giaccio and Malhotrai105)noted that the setting time of fly ash mixes depended to some
extent on the type of cement used. There was little difference in setting time between
beneficiated fly ash mixes and as-received fly ash mixes with ASTM Type I cement
but the settii"lg time showed greater retardation with a ASTM Type III cement and
as-received fi~fash. They noted that opc/fa/sf mixes were retarded far less than the
opc/ta mixes. in contrast to this 8aoyu et al[l06)found dramatic increases of aboi.it 1000
minutes in both initial and final softing times with similar mixes, but, as they' were
aiming at producing a low heat concrete, this is probably not surprising.

Dodsonl101) reported that when a fly ash concrete is designed to give a compressive
strength at a particular age equal to a control ordinary portland cement mix, the setting
time of the fly ash mix will show some retardation. He introduced the Omega Index
Factor (OIF) which he maintained indicated whether the retardation caused by the use
of fly ash is due to a chemical or physical ree I";tion. The ()IF is computed as the
cement content of the mix (kg/m3) divided by the water cement ratio of the mix. In the
calculation of the OIF the presence of the fly ash is ignored in both the cement content
and the water/cement ratio. Dodse found a linear relationship between OIF and
setting time. He remarked that fly ashes that gave acceleration in setting time are high
calcium ashes while those that retard commonly have high sulphate contents. Munnl:Jl]
however reported t!-Jatclads F fly ash gave reduced s€tting times while Class C fly ash
gave severe retardation.

The ACI(45) noted that the incorporation of fly ash in a mix g~neral!y causes increased
initial and final setting tlmee.
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Slvasundaram et a11108
] found that the initiai set was retarded slightly in a high volume

fly ash mix (:::60 % fly ash) but final set was retarded by more than 3 hours. They
noted that the retardation was not expected to cause problems on site as site concrete
was seen to have set within 12 hours of casting. Sri Ravindrarajah and Tarn[109!
showed setting time to be increased by about 2 hours at 40 % fly ash replacornsnt
level.

Geblew and Kliegerl110Jfound slight to significant delays in both initial and final setting
times for most of the fly ash mixes they made: these lnetuded both class F and class
C fly ashes. Rivera[911found that temperature affects the degree of retardation
measured with high temperatures reducing the relative retardation, and low
temperatures increasing it. His work was done on class F fly ash.

Car?tte and Malhotra'"? tested a range of eleven fly ashes and found that most (9)
caused retardation to both initial (30-180 min) and final (60-240 min) setting times.
The two ashes tested that did not retard caused no change in the setting times. They
ascribed the retardation in setting times to the dilution effect, but conceded that some
chemical effects might be influencing setting times too.

Lin and Hwang{112]reported retardation in both initial and final setting times for mixes
containing 20 % of fly ash and found the degree of retardation to be proportional to the
content of the class F fly ash they used in their tests. Rodway and Ferdirl\o[113Jfound
severe retardation of initial set in the superplasticised class C fly ash mixes they made
in a site evaluation. The retardation for a 76 % fly ash mix was 35,5 hours.

Kasai et al[114]found there to be a great deal of difference between the setting time
retardations caused by fly ashes from different sources. They reported a good
correlation of retardation against boron content as well as against the concentration of
the so called fly ash fluxing agents, sodium and potassium. They also noted that the
d~~greeof retardation caused by anyone fly ash was proportional to the fly ash
content. Naik and Ramme{1151concurred with this last observation.

\.'

Samarin et aIP1S]in reporting on the use of fly ash in Austraiia noted that the effect cf
fly ash on the setting times is insignificant in comparison with what happens when the
water/cement ratio is changed. This they found to be the case for a wide range of mix
temperatures. In contrast Korae and Ukraincik(117)found that when they used 50 % fly
ash in the concrete for a darn construction project it was not necessary to use a
retarding admixture as the setting times were sufficiently retarded by the fly ash.

Costa and Massazza{65jfound that the addition of fly ash prolonged both initial and tinal
setting times but that the degree of retardation was diminished by an increase in
cement fineness. Changing the fineness of the fly ash by grinding had no influence on
the change in setting times. Roy[8S]noted setting time retardation with fly ash with class
C retarding more than class F. She reported that in both cases there would still be
appreciable quantities of unreacted ash at later ages.

Collepardr'" commented that in winter, when tile greatest quantities of fly ash are
available in Italy, the retarding effects of the use of fly ash are most noticeable. He
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commented however that when fly ash is added to a mix without any reduction in
cement content the setting time is reduced.

It would appear to be fair to state that the incorporation of fly ash in a cementitious mix
is likely to extend the initial and final setting times. The degree to which these times
increase seems to depend not only on the quantity of fly ash used but also on the
source and quality of the 0!lyash and ordinary portland cement used) and on the mix
proportions used. The method adopted for fly ash incorporation (eg addition,
replacement or partial replacement) also plays a role. The data presented by these
authors seem to contradict earlier statements that the chemical composition of fly ash
is not an important factor in determining its suitability, unless setting time is regarded
as being of no consequence on a particular project.

3.3.3 Bleeding

rhe formation of a layer of clear water on the top surface of newly compacted concrete
or mortar is known as bleeding.[119]It is caused by the settling of the solid particles in
the mix through the water and the rate of settlement determines the rate of bleeding.
The rate of settlement will, according to Stokes law, depend on the specific surface of
the solid materials in the mix, so an increase in the quantity of fine material (such as
cement or fly ash) in the mix will slow the rate of bleeding due to the effect that the flne
particles have on the rate of settlement.

The total volume of water that comes to the surface is known as the bleed volume.
The process will continue until the mix has set sufficiently tv prevent any further
settlement. Therefore any changes to the mix that result in changes in the setting time
will probably impact on the bleed volume.

Giaccio and Giovambattista[1201pointed out that far. the concrete tested, a bleed
capacity (ie total bleed volume as a proportion of the water content of the mix) of 8°/"
should be considered as danqsrous as it could lead to a compressive strength
reduction of abort 30 % due to the formation of voids such as bleed channels and
fissures. They noted that bleeding capacities of 3-3,5 % make little impact on the
concrete properties.

Dhir et al[41Jreported a reduction of bleoding brought about by fly ash in concrete. In
contrast, Ravina and Mehta[79)noted that fly ash concrete had an increased bleed rate
and volume relative to the control ordinary portland cement concrete, with a fine ash
bleeding less than a coarse ash. They also showed that different fly ashes influenced
bleeding to different degrees.

Van Zyl[75]found a reduction in bleeding when fly ash Wf!::, used in R mix containing
South African Cape flats sand as fine aggregate. Kruger et all33] also found a reduction
in bleeding with improved pumpability and placeablnty as additional benefits. Idorn and
Thaulow'" reported that by replacing 20 % of the cement by fly ash bleeding of a
concrete was successfully controlled.
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Mehta[~9!found that in high volume fly ash mixes the bleeding is almost non-existent
as the initial water content is relatively low,

Munn[31Jnoted that the mix proportioning procedure used influences the bleeding; using
the Australian procedure the bleeding rate and volume is reduced, but if a mix ;s poorly
proporioned then the use of fly ash can lead to increased bleeding.

Gebler and Klieger[110]reported reduced bleeding capacity with the use of fly ash. Dhir
et al[44]mentioned reduced bleeding of fly ash mixes and stated that the phenomenon
was dependant on the s;')ecif!c surface of the fly ash used. This property is commonly
measured by the retention on the 45 micrometre sieve.

Carette et al[111]reported similar or slightly increased bleeding for fly ash mixes but
explained that there had been no control of slump in these tests. Un and Hwang[112]
noted an increase in bleeding which was proportional to the fly ash content.

Pat et al(60]reported that a mix using rapid hardening cement with 25 % fly ash gave
lower bleeding than an ordinary portland cement conm,' mix. Samarin and Munn[11&1
noted that typical partial replacement 11yash mixes gave less bleeding than the control
mixes.

There appear to be two distinct schools of tnouqht on the effect that fly ash has on
blAeding; the one side believes that there is an increase, and the other a decrease.
It is probable that both parties are correct under the conditions of test in sact case,
It is also likely that the particle size distribution of the fly ash, cement and aggregates
and the way they combine to form an overall grading curve play an important role.
There is no way of confirming this contention regarding the above par. ..'s as seldom,
if ever, have the authors provided the fuli particle size distributions of C,.' .he materials
used.

3.4 Heatof hydration

t

i. (;

The heat of hydration refers to the rise in temperature generated by the exotnermlc
chemical reaction between water and cementitious materials. The phenomenon can
cause problems when the heat cannot readily be dissipated, in, for example, mass
concreto pours, as the heat can cause expansion in the plastic concreto. The
expansion is easily accommodated at this stage, but once the concrete has hardened
and starts to cool then cracking may occur in the now stiff concrete, Reduction of the
rate and magnitude of the heat generation is thus desirable in mass concrete
applications, but the same reduction may result in such mixes being ssnsltlve to low
ambient temperatures when used in thin sections. The degree to which fiy ash
influences the heat generation is discussed in the following paragraphs.

Owens'?" mentioned the impact that the heat of hydration can have; he pointed out that
for every 10°C rise in temperature the rate of the hydr':1tionreaction can be expected
to double, this in itself causing further heat genemtion, He noted tha; when this occurs
in an ordlnery portland cement concrete the long term strength :s depressed, '.vh'le in
a fly ash mi'( the strength is increased.
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The CSIR[122jfound a significantly lower heat of hydration when fly ash was
incorporated in a mix. They made use of the BS 1370 Heat of (60lution method and
determined that fly ashes with high free calciurr: oxide contents developed higher
temperatures than those with low calcium oxide contents. Kruger et aJ[33Jin another
paper concluded that the heat is reduced by about half the percentage of fly ash used.
Idorn and Henriksen"? found that when 30 % fly ash was used in a site concrete the
heat of hydration was reduced to. between 60 and 80 % of the ordinary portland
cement control.

Fajun et al[1231 showed that the heat evolution for a 40 % fly ash mix was lower than
that for the control ordinary portland cement mix even when the reduction in cement
content was taken into account. Leaching out water soluble chemicals from the fly ash
samples prior to mixing reduced the temperatures further. Retardation of the initial
reactions was a further contributory -factor to the reduction in heat. The authors
~~LJggestedthat the retardatlon is due to the fly ash particles acting as calcium sinks
depressing the concentration of calcium in solution during the first 6 hours or so,
resulting in a longer induction period during which the reaction rate is slow. dun-yuan
et al[5GJshowed the retardation of the hydration to be as much as 10 hours, and also
noted that the crystalline calcium hydroxide content of fly ash mixes was decreased
relative to the control.

Q

Tokyay'"" found the heat of hydration to be reduced when low-calcium fly ash was
used, out noted little change when a high-calcium fly ,..•sh was used. It is not clear in
this paper on what basis the fly ash was used. The author concluded that high levels
of fly ash substlnnlon are required for significant reductions in the heat evolution.

Shartsis and Newman[125Jpointed out some of the diffir:ul1ies of the Heat of Solution
method of test, and suggested modifications to the ASTM method. Such modifications
were subsequently made to the ASTM methodY26J

Cooie[12
7] noted that the 'ily ashes in the United Kingdom are well established as heat

reducing agents after his adiabatic calorimeter studies. He pointed out that he had
found a slag that gave a greater heat of hydration than ordinary portland cement in h;J
apparatus; this would not have been shown if isothermal testing had been done. In
another paper!I28!he reported that where the reat of hydration raises the concrete
temperature above 40 degrees the fly ash reacts more readily.

Mehta[69)reported a 15 % reduction in temperature of mass concrete in a dam when
30 % of the ordinary portland cement is replaced by fly ash. Barrow et al[1291found a
7,5 degree reduction for 27,5 % volume replacement of fly ash. Baoyu et al(I06;noted
a 1a % reduction in the heat generation for a 38 % reduction in ordinary portland
cement content, this being replaced with fly ash. The 90 day strength levels of fly ash
mix and control were both about 30 MPa.

Dahl and Mela!'ld[831showed that there was little difference in the heat evolution curves
for ordinary portland cement and two 20%fly ash blended cements. Ryan!l30Jreported
on the use of fly ash mixes for major raft foundations in order to control the heat
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development, and Munn/311also referring to work in Australia, mentioned that fly ash
was used to reduce peak temperatures in t~ljck members.

Tenoutasse and Marion,'?" reporting on Belgian fly ashes noted that increasing fly ash
content helps reduce the heat of hydration and also retards the lnltla, &wdration of
cement. Rodway and Fedirko!113Jreported on the temperatures recorder' (He :;.;omelarge
blocks cast using 3 difforent high-calcium fly ash contents; the P€s::\\{ i,·:tmperatures
dropped by 7, 19. and 20 degrees for 56, 68 and 76 % fly ash content, and were
delayed in time by 18, 28 and 38 hours respectively.

Douglas et al[132]showed that the use of fly ash compared well against slag in reducing
heat, and noted that a 50 % fly ash mix gives reasonable strength development and
low heat. They noted that the fly (. ;, retards the heat evolution of the tricalcium
aluminate.

Langley et al[1331found that the I . .temperaturs of a 55 % fly ash mix was reduced
by 25°C rp,!ative to the control tmx and the peak was delayed by about 60 hours.
These tests were done on concrete blocks of about 28 m3volume.

ENCICl34J reported that the heat generated by a fly ash cement made with 20 % fly ash
in rapid hardening cement was equivalent to that of an ordinary portland cement with
comparable strength performance. In matching the performance of the ordinary
portland cement with the blended cement they have sacrificed the advantage in heat
evolution. Van der Schaaft49) [r sd that the magnitude of the reduction in heat
development depends on the lI' 75 of the cement - the coarser the cement the
smaller the change that the fly dt> •• makes.

Sturrup et al[135] reported a reduction in temperature of about 15°C tor a 30 % fly ash
mix. Samarin et al(116)gave figures of between 13 and 17°C drop for 25 and 30 % fly
ash mixes in 15 cubic meter blocks. The peaks.were delayed by about 12 hours.
Korac and Ukraincikil17J found a 14°C drop for a 50 % fly ash cement relative to a 15
%/5 % slag/pozzolan cement, with the peak delayed by about 24 hours. Costa and
Massaaza'" showed the total heat generated in 28 days to be reduced by about 12
% in a series of tests on 30 % fly ash mixes.

A reasonable rule of thumb would appear to be a reduction in peak temperature t"lf
about 0,5 x F where F equals the percentage of fly ash in the mix. This presupposes
that the cement is of average quality and that the fly ash is of good quality. It is
obvious that a great deal of care is nseded in the selection of the test method for
determining the heat development of a cement or blend.

3.5 Compressive and flexural strength

Compressive strength, because it is used as the control '"'1easure of quality of site
concrete, often receives an inordinate amount of attemlon, . Jtimes to the c9triment
of other properties such as durabiiity. In order to study the effect that fly ash has on
the corrpresslvr ;)( ':;:."mentitiousmixes it is first necessary to study the best
way to proportion the mixes when the fly ash is incorporated in order to achieve parity

3.19



\:,

of une or more of the properties of the control ordinary portland cement mix with which
the users are familiar.

3.5.1 Mixdesignprocedure

The CSIR!136]proposed a method of mix proportioning using a cement efficiency factor
(k) and thereafter basically fo!lowing the method given in SABS 01003• The efficiency
factor is a measure of how reactive the fly ash is and what propornon of its mass can
be regarded as true cement replacement. Use of such a factor is a recognition that fly
ash modifies some of the properties of fresh and hardened concrete, They gave the
k value for Mafia fly ash with PPC Hercules ordinary cortland cement as 0,4.

Munn[31)defined 4 different philosophies for the use 0; fly ash in cemenfitious mixes.
The replacement method is where a mass of cement is removed from a mix and
replaced by an equal mass of fly ash; a subsequent adjustment is made to the
proportions to correct the yield. The addition method involves adding a mass of fly ash
without removing any cement; the fly ash replaces sand and/or stone and a!jain the
yield is corrected. The replacement/addition or partial replacement method refers to
the practice of replacing some of the cement with a greater mass of f!y ash and
correcting for yield. The final category is that of independent proportioning where
conventional methods are ignured; a substantial bank of data is necessary to enable
a computer model to be set up, but in using such a method it is possible to design
very economical mixes. The CSIR method proposed above!l36Jis an example of the
partial replacement method.

o

A great deal has been written on the partial replacement method, particularly on the
issue of cement efficiency factors. Hobbs'" noted that the value of k decreases as the
fly ash content or the total crrnentffous content increases. He stated also that the
magnitude of k is dependent on the source of fly ash and ordinary portland cement
used. ~fa found for a 30 % fly ash mix that the k value varied between 0,18 to 0,45
with an average of 0,35. He :.;rther noted that the k value is dependent on the age at
which the comparison is mc...::e.Barlow and Jackson=" confirmed the tendency for the
k value to increase with decreasing fly ash content, as did the CSIR.[42)

Barker[137]also confirmed that the k value was sensitive to the source of fly ash and
cement used and that it changed as the age changed. Butler!51]noted that k is not
constant and depends on many things including cement, replacement level, strength
level and aggregate quality. He found that the 45 micrometre retention of a fly ash
sample was a poor predictor of the k value. The k value did however correlate well
with the water requirement of the mixes. Potter[70]also found the k value to vary with
cement used and the test procedure applied. Dhir et al(44)concurred but added that
the value of k becomes msenslflve with rich mixes and this makes it difficult to find the
optimum fly ash content.

l
lt;,

3 South African Bureau of Standards, The Sf.ructural Use of Concrete.
Part II Materials and Execution of Work, Pretoria: South African
Bureau of Standards (1980)(SABS 0100 Part II).
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Cornelissen et al[871found that k increased with age for fly ash cements containing up
to 15 % fly ash, but decreased with age in a PBFC/fly ash blend. Munday at al[l38)
mentioned an additional factor that influences the value of k, ie the curing conditions
used. They suggested that the fly ash concrete should be proportioned without
reference to an ordinary portland cement concrete, and proposed a simple design
procedure for this.

Warrisl1391produced a formula for strength at a given age which included an efficiency
factor. While the formula is based on European cements and probably works
adequately with these cements, it is possible, in view of some of the remarks above,
that the formula will not be universally applicable. Gopalan and Haque[661found that
the k value depended on the fly ash content of the mix.

There would therefore seem to be some difficulties in working with cementing efficiency
factors and there may be good reason to consider the fourth type of approach
suggested by Munn,!31]ie the independent method. While the data gathered on local
ashes may be insufficient to permit computer modelling, it has permitted an alternative
approach for local materialsY40J This method does not consider efficiency factors;
curves have been developed for local cement/fly esh combinations and allow selection
of suitable water/cementitious ratios for the specified strength level at a number of
different fly ash levels. The only other rnodrt.catlon made to the conventional ordinary
portland cement mix design method is to mooity the stone content.

It is extremely important to remember these different methods of proportioning mixes,
as the method used can have a considerable influence on the behaviour of the mix.
It is possible that some of the contradictory findings in earlier paragraphs owe part of
their differences to the fact that the mixes have been proportioned differently; this will
have been done in good faith as the different methods are used for different purposes.
The different purposes, previously detailed in the glossary to this chapter, are
summarized again below, for oonventence.!"

Replacement method. This is a direct mass replacement of fly ash for cement and
is used for mixes with an adequate level of strength reserve. This method will
commonly result in a drop In strength at ages up to, and sometimes beyond 28 days.

Addition method. This method involves incorporation of an additional mass of fly ash
without reduction of the cement content. This method is used for lean mixes where the
addition of fly ash improves workability and reduces bleeding and permeability.

Partial replacement method. This method is commonly used when comparable
performance to an ordinary portland cement concrete is desired and the typical target
will be 28 day strength and equal slump.

independent proportioning method. Such methods start from the principle of
meeting specific concrete properties and do not consider an ordinary portland cement
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control. They would endeavour to provide the most economical mix proportions with
the available materials.

With these different philosophies in mind it is now possible to consider the issue of the
influence of fly ash on compressive strength.

3.5.2 Influence on compressive and flexural strength

Hobbs'"" used the partial replacement method with a common 28 day target strength
and common slump for the fly ash and ope control mixes. He found the 91 d~-y fly ash
concrete strength to be 1:5-20 % higher than the control and at 1 year the difference
was 30-50 %. In another paper he used the replacement method for some of the tests
and found compressive strength parity for 35 % fly ash only at about 91 days with a
fly ash complying with tho requirements of BS 3892: Part 1'. At 28 days the fly ash
mix fell about 20 % short of the strength of the control mix.

Tikalski et al[90)stated that compressive strength parity can be achieved at either 7 or
28 days using appropriately proportioned fly ash concrete, but noted that using the
replacement method with class C fly ash they recorded slightly reduced early age
compressive and flexural strenqths under moist curing conditions. Under both elevated
and low temperature curing conditions class F fly ash mixes were found to equal or
exceed the performance ()f the ordinary portland cement concrete.

The CSIRI421 used the replacement method and found compressive strength parity
between 28 and 91 days for interground or blended 20 % fly ash mixes. In 30 % fly
ash mixes the interground cement reached parity cetween 28 and 91 days whereas the
blended cement had not reached the control strength even at 180 days.

Havlna and Mehta[78)stated that the contribution of fly ash to strength development is
generally at a slower rate than the cement replaced, and that fly ash is regarded as
having a compressive strenqth reducing effect. Kruger et al[33) using the partial
replacement method found lower early strengths and hi·~her compressive strength!;)
after 28 days if the moist curing was continued. In the case of dry curing the fly ash
mixes will not reach the same level of compressive strength before 91 days.

Owsns'?" warned that the laboratory determination of compressive strenrth is
dangerously misleading as the specimen size is ~oo small to simulate the heat of
hydration effects that occur in site concrete; he found that while ordinary portland
cement concrete had its compressive strength reouced by exposure to higher. curing
temperatures the opposite was true for fly ash concrete. This is a point well worth
considerlnq as the majority of work reported here is based on the testing of small
laboratory specimens.

8ritish Standards Insutuflon, Specification for Pulverised-Fuel Ash for
Use as a cementtuous Component in Structural Concrete, London:
British Standards Institution, (1982){BS 3892 Part I).
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Osborn and Nixonl59
} found when using blended or interground fly ash cements in the

replacement method that the early strengths of both 5 % and 20 % fly ash cements
were lower than the ordinary portland cement contra! with the compressive strengths
up to 7 days being similar to that achieved by mixes containing the same percentages
of sand instead of fly ash.

Rasheeduzzaffar et alt141}used the replacement method and found that compressive
strengths only reached the levels of the control mixes at about 80 days; roplacement
levels ran in steps of 10 % from 0 \0 40 %. Mehta[69jnotes that whichever method of
proportioning is used, fly ash makes little contrlbutlon to compressive strength in the
first 7 days, but contributes considerably after that.

Gierg!czny and Werynska[52]used the replacement method with 30 % fly ash cements
and fou:;d that even at 90 days most of the cements could not match the control
performance. Only where the fly ash was ground beyond about 400 m:!/kg did the
compressive strengths approach tho control at 90 days. Havlndrerajah and Tam(109]
used the replacement method at 20 and 40 % fly ash contents and found compressive
strength parity at about 91 days for a nominal 25 MPa concrete but this occurred
earlier in a 35 MPa concrete. They commented that the fly' ash cements in their hot
climate performed like an ordinary portland cement in a temperate climate. Thomas
et alre2) used the partial replacement method and found comparable results at 28 days,
but at earlier ages the fly ash mixes gave lower results. Thl3Ypointed out that beyond
28 days the fly ash mixes d':"'/eloped compressive strength at a faster rate than the
control. Barrow et al[129]found requced strength at 28 days with between 20 and 35 %
replacement.

Ryan[130]reported that early practice in Australia was slmpie replacement but this was
found to depress 28 day strengths, and particularly 3 and 7 day strengths. The ready
mixed concrete companies then switched to a partial replacement system which helped
to overcome some of the problems.

Develsto'"? did experiments with the addition method and tound that fly ash mixes with
up to 28 % ash reached strength parity before 60 days. The early age strengths were
reported to be lower than the control. Tse et al[143]found that class F and class C fly
ashes gave different early age behaviour with class C ash (about 26 %. calcium oxide)
contributing significantly to early age strength development and giving in excess of the
control mix strength at 28 days with as much as 75 % fly ash present. In the case of
the Class F ash (about 14 % calcium oxide) only the 25 % fly ash mix approached the
same level of 28 day compressive strength, while at 75 % fly ash the strength :evel
was scarcely 15 % of the control.

Popovlcs'?" showed that when plotted on R scale of log of compressive strength to the
water/cementitious ratio it is oosslble to draw straight lines through the plot of the
results for the fly ash mixes, thus confirming that the fly ash mixes follow Duff Abrams
law both qualitatively and quantitatively. His work was based on the replacement
method. His lines showed the fly ash mixes to have lower comprssslve strengths at
ages up to 90 days, although at low w/c+f ratios the differences were smaller than at
high w/c+f ratics.
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Swamy and Mahmud(145)using what they -'~.Hedreplacement of 50 % of the cement with
fly asn produced concrete with good early sire,1gth characteristics, although there was
no control to compare against. The method used was probably a partial replacement
method as the water/cemen'litious ratios used were lower than normal for the grades
of concrete used. They found under wet curing that the compressive strength of the
fly as'i mixes increased by between 50-100 % from 28 days to 1 year compared with
18-25 % for ;:>Iai'nconcrete. They further noted that under poor curing conditions the
high fly ash mixes performed better than the normal performance of ordinary portland
cement concretes.

Dhir et al[441used ti·:eir own design method and at about 4C % fly ash they fo=md very
~imilar levels of strength development to the control at ages up to 28 days. The
;, crease from 28 days to 1 year of moist curing was about 85 % compared with about
45 % for the ordmary portland cement control mix. The flv ash mixes were found to
be no more affected by poor curing than t' .ntrol mix.

Carette and Malhotra"?' showed that 20 % replacement fly ash mixes did not reach the
level of compressive strength of the .ontrol mix at 28 days and that the actual level
reached was dependent on the t;IUall('; of ~hoash used. Poor fly ash diel not even
match the strength of the control a' 'I year. Vom Berg[145)worked with a 20 %
replacement and found that the drop in SLI ength at early ages was small relative to the
contml when the results were expressed as a percentage of the compresslve strength
achieved by each mix at 28 days. He snowed a strength reduction for 25 % fly ash
mixes which was greater than that of the control under drying conditions although he
points out that the specimens had a very adverse surface area to volume ratio. The
CSIR[147]found that when using a partial replacement method the 3 and 7 day
compressive strengths were about 15% lower than the control when the same 28 days
values were obtained. When dry cured the fly ash mixes showed s!ightly poorer
performance than the control although at 1 year th,';!difference was small. They
showed that under exposed curing conditions the fly ash mixes performed better than
the control.

(

Rodway and Feditkd113)used their own design method and found that under laboratory
conditions some (,f the high fly ash content mixes exceeded the control compressive
strength even at ~~8days. ThE!3 and 7 day strengths were lower than the control.
Cores drilled from large (. cubic meter) blocks showed tl1e~. , a~h concrete did 110t
perform as well as in the laboratory tests while the control was .. .. affected. Carse
and DUX[148)used about 20 % replacement with 3 different fl~(ashes but augmented the
alkali content of the mixes to a constant 10,4 kg/m3. Very little difference was found
between the fly ash and control mixes at ages of 3, 28 and 90 days.

Giaccio et al[149]used a partial replacement method but also kept the w/c+f ratio
constant. They found that with one f!~'ash the strength parity level was only reached
some time after 1 year while witlhanother fly ash this occurred at between 90 and 180
days. The less reacnva of the ashes was very much coarser than would normally be
considered for use in Sout;'t I"\frica. Icnescu and ispas[92)used replacement of cement
by fly ash at various replacement 'evels. At age 28 days mixes with up to 30 % fly ash

l
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had reached the same strength as the control while higher replacement levels had
lower 28 day strengths; all fly ash mixes had lower early strengths.

Brooks and Farrugiafl50J found for 30 and 70 % replacement that the compressive
strengths of the fly ash mixes were well below the control up to 28 days, with the 70
% mix s 10wing greater reductions than the 30 % mix. Douglas et aP32] used 3 levels
of replacement for two fly ashes and found compressive streng:h lower than the control
up to 28 days. The fmer ash (Blaine of 326 against 289 m2/kg) proved mere reactive
In the short time scale provided in these tests eVGl, though it had a much lower
calcium oxide content (1,3 against 12,5 %). Berry et all151Jshowed for a 58 % fly ash
replacement that it took a year 'for the fly ash mix to catch up to the control
compressive strength level.

Naik and Rammet115Jfound that in using a partial replacement method with fly ash
levels up (0 60 % and higher, tile early strenqths of the fly ash mixes were lower than
the controteven where the 28 day strengths exceeded that of the control. By 56 days
even the 00 % fly ash mixes I lad (:venaKen the control. Langley et al[133Jused a 55 %.
replacement but modified the w/c+f ratto, They round that the laboratory results of the
fly ash mix were lower than the control up to 7 days; the 28 days results were about
equal. The laboratory results were connrmed by core results taken frorr. the 3,05
metre cubes cast on site. Site results from another experiment on a 1,5 metre cube
w'th 55 % replacement showed a continuous increase in compressive strengt.h up to
3,5 years.

Theissing[37] found for ?() % replacement that ihe early strongth was lower but after 3
months the strengths normally exceed those of the control. He confirmed that the
same could P9 said for dry curing conditions. Var. der Schaaf[491 noted that ~: took
varying timet. ior a 20 % fly ash mix to reach strength equality with the control; at
temperatures in excess of 50°C the strength of the fly ash mixes matched that of the
control even at very early ages.

Samarin et al[116]reported on replact men! mixes where decr eased strengths were found
for the first few months, with the mugni1ude of decrease increasing with increase in fly
ash content. Costa and Massazza'" stated that at 30 % replacement the 1 day
strength was reduced by about 50 % which is similar to the drop when ground
limestone is used to replace cement. There is a marked difference between tiy ash
and limestone mixes however as early as 3 days. The fly ash mix will exceed control
strength levels between 28 and 90 days.

Yuan and Cook[152Jfound no slow early strength gain for the class C fly ash (30,3 %
calcium oxide) used at up to 30 % replacement, although at 50 % replacement some
drop was evident before 28 days. (Note: this level of calcium oxide is siMila.r to that
of South Akican o:ags.)

Dhir at 01[1531reported finding the typical ratio of 1:10 for tensile (flexura!\ to compressive
strengtr .or the designed fly ash mix and stated that it can be assumed that t'1e fly ash
makes no difference to the flexural strength. Carette and ~,Aalhotra[111Jused partial
replacement of 20 % fly ash and found that in E'1. cordance with the compressive

3.25

-



strength behavlour, the flexural ~;tre!1gthwas consistently lower than the control at ages
up to 28 days, and even at 91 days was lower by some 5-10 %.

Samarin et al[1181stated that tho performance of the flexural strength of fly ash mixes
was consistent and predictable from the compressive strength. Fly ash was ShOWllto
have no influence on the relanonshlp between flexural and compressive strength. As
in this work the replacement method was used, the flexural strength of the tly ash
mixes was lower than that of the control at ages up to about 90 days. In contrast to
this Costa and Massazzal65] found the flexural strength increases faster in fly ash mixes
(30 % replacement) than is the case with compressive strength and reaches parity with
the control at 90 days it: the ratio of flexural to compressive strsnqth changes with age.

Only two references were found on the effect of fl~' ash on the fatigue strength of
concrete. Tse et al[141]found litte significant difference between the fatigue strength of
ope and fly ash concretes. A similar fmding was reported by Taylor and Talf"? for
mixes having up to 25 % of fly ash replacement, although they noted that the fatigue
strength 0; the 'fly ash mixes Wi3,S lower than the control at very early ages.

Coole(127)noted that the tensile strain capacity of slag or fly ash concretes is 'ower than
a comparable ope concrete and this may lead to an increased risk of cracking. Site
experience of cracking of fly ash mixes in a concrete pavement in Australia was
however ascribed to the fact that the tl~ ash mix was hand placed while the ope mix
was placed through a paving machine. 155]Roper et al concluded after a survey that
there was no evidence that fly ash concretes cracked marc than ordinary portland
cement GoncretesYSS

]

The ("'~:i1Rreported that the born strength of fly ash mixes is poorer than the control.(68)
lonascu and lspas'" on the other hand reported that the use of fly ash results in little
difference on the bond 311 ength between ope and ope/fly ash mixes with up to 50 %
fly ash content.

c

In summary, the u.,e of 1110stfly ashes appears to have the effect of reducing the early
age strength relative to what an ordinary portland cement mix would have given.
irrespective of the method (;f use applied. At 28 days the mix design method does
have an effect as with parnsl replacement there should be comparable compressive
'3trengths with the control. The strength bl~yond 28 days will ~\$nerally be higher than
the control under moist curing conditions and this appears to hold for relatively large
pours 01 site concrete exposed to ambient conditions. Many researchers claim that
the effect of poor curing on f!y ash mixes is no greater than is the case for ordinary
portland cement concrete. A more detailed looh at the curing issue is however
warranted.

j
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3.5.3 Effect of curing conditions

Hobbs'"" suggested that as the rate of hydration of fly ash ~(;1crr'tes is slower the
quality of tile critical concrete in the skin zone might b{::'mOl€t '_\..').;:;itiw·'10 poor curing
than ordinary portland cement concrete. Tikalski et ai!90Jsholt·ad i'att .- ily ash mixes
\25 0/0, replacement method) to have higher strengths than t'le 01.': 1101 .~r.sn exposed
to hot dry curing conditions while they seemed to be no mere ~~..cA~)tiblethan the
control mix to cold curing at both 7 and 28 days.

The CSIR(42) stated that fly ash mixes have difficulty in achievir.:; stre 19th equivalence
under poor curing conditions and this could affect the economics of the use of fly ash.
They reaffirmed this finding in a subsequent paper and state that the fly ash mixes are
more sensitive to poor curing than the plain cement mixesY22j In a further paper'?"
they state that the sensitivity of the fly ash mixes to poor curing increases as the fly
ash content increases. Kruger et al[~"3j presumably using data from the same source
showed the permeability of fly ash mixes '~obe more .:ifected by poor curing than the
plain cement mixes.

Dewar[l58)noted that although BS 8110 .eas expected to advise that the durability of
concretes made using extenders could be regarded as being equal to ordinary portland
cement concrete of the same grade, a requirement of more critical attention to curing
was elsa expected. (The requirement in BS 8110 is that concretes containing fly ash
or slag should be cured longer than opc mixes)", Hughes(jS9Jstated that blended
cement pastes are rnors reliant on adequate curing than normal cements to achieve
their potential properties.

Gopalan and Haque[160Jshowed that adequate curing is more important when using
pozzolans at 2Q, 35 and 50 % replacement as the effect of dry curing is greater than
on the plaln cement mix. They do however qualify this effect as possibly not applying
to massive structural pours but would apply to thin exposed members with high surface
area to thickness ratios. Osborn had similar concern for the curing of slag mlxes."?

Killoh et al[162]showed that neither hydration nor pozzolanic reactions can occur at a
relative humidity (RH) less than -'". %, while the pozzolanlc reaction ;s severely
restricted below an RH of 80 %. They suggested that the blended cement mix is more
sensitive to poor curing than ope.
Thomas et al[82)used a partial replacement method with equal 28 day strength with
varying percentages of fly ash, They ncted a greater sensitivity for the fly ash mixes
when exposed to poor curing with the sensitivity increasing with the fly ash content;
moist curing for 7 days improved the situation but did not eliminate the problem
altogether. Moisture loss from the fly ash mixes was greatest but this, too, reduced .
with longer moist curing. The long term strength of all the mixes decreased

f
'"'",

5 British Standards Institution, Structural Design of Concrete; Code of
Practice for Design and Construction, London: British Standards
Institution (1985)(88 8110 Part I), p. 6/11, table 6.5.
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dramatically with poor curing when compared against the standard cLring; the
difference between the fly ash and control mix compressive strength vallres was
greatest for the shortest periods of moist curing. They noted that the ordinary portland
cement mixes required two to three days of moist curing to ensure that the 90 day dry
cured strength exceeded the 28 day level under standard curing, while the period was
3-6 days for the fly ash mixes.

co

Barrow et al[129]gave results for various periods of moist cl"'ing for several finenesses
of fly ash for mixes based on the replacement method. The results show the fly ash
mixes to be more affected by poor curing, with fine ash being less susceptible than the
coarser ashes. Swamy and Mahmud(163]showed that the swelling strain for a high fly
ash mix amounted to between 40-55 % of the shrinkage value and this they believed
indicated the need fOi' continued water curing for full realization of the pozzolanic
potontial of the fly ash.

Ryanll30] polnted out that there was significant market resistance to blended cements
by the specifying authorities due to concern that contractors were not treating concrete
with extenders in an appropriate manner. subseqcenuy the cement producers started
manufacturing the blends to suit climatic conditions. Munn[31]noted, again for
Australian conditions, that it might be necessary to increase the curing period for some
lower strength grade fly ash concretes. sarnarln'" noted that it is generally accepted
that in concretes continually exposed to air the inclusion of fly ash would most probably
increase the rate of carbonation relative to ordinary portland cement concrete, although
the difference in high strength well cured concrete is: small,

Gebler and Klieger[110]showed ordinary portland cement concretes to be slightly less
sensitive to air curing than the fly ash mixes using 25 % replacement. Even when the
results are compared on a partial replacement basis the class F fly ash showed more
sensitivity. They further showed the fly ash mixes to benefit more from higher
temperatures during moist curing. Devalsto':" showed a reduction of pozzolanlc
reaction for specimens cured outdoors for a partial replacement method and stated
that the specimens need to be cured in water or under high relative humidity to allow
pozzolanlc activity.

Dhir et al[44Jcontradicted these findings by stating that the fly ash mixes are no more
affected by poor curing than the control and that the fly ash mixes benefit more from
extended moist curing. The fly ash mixes were proportioned using their own design
method. Vom Bergl149

) concluded that the fine filler effect at early ages overcomes to
some extent the loss in strength due to dry curing so the results of fly ash mortar
mixes are only slightly lower than those of thf:l ordinary portland cement control.

Kasal et al[164Jnoted that for fly ash blended cements used on a replacement basis, the
depth of carbonation is greater than the control and the situation deteriorates as the
fly ash content increases. The compressive and flexural strength values given are
lower than the control values for more than 6 months. Gopalan and Haqus'" noted
that it is essential to provide adequate curing when the fly ash to cement ratio is high
in order to allow proper strength development, irrespective of the method of mix design
used.
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Kruger et al133Jshowed that fly ash mixes were more affected by high or low
temperatures than the control mix was; the reduction was bigger in the case of cold
conditions while the benefit was greater with warm conditions. Marsh et a11165]agreed
with the effect of high temperatures, but pointed out that both ordinary portland cement
and fly ash mixes will show drops in strenqth after prolonged exposure to elevated
temperatures, Dhir et all153Jnoted that exceeding 70 °C with steam curing of fly ash
mixes is not economically feasible, irrespective of fly ash content, as there is little
extra benefit for the additional heating. The 1uality of the ash does have a strong
influence on the reactivity under accelerated curing.

Fraay et aI(50) noted that the rate of the pozzolanlc reaction of the fly ash was strongly
temperature dependent as the solubility of the fly ash and the alkalinity of the pore
water are temperature dependent.

Gebler and Klieger[l661noted that 25 % fly ash mixes designed for equal 28 day strength
are more sensitive to low temperatures than the control. The CSIR(167]also noted a
greater sensitivity of the fly ash mixes to low temperatures at early ages and point out
that stripping times need to be increased under these conditions. Jl.msenand Pratt!l68]
noted a SImilar increased r .sltlvity for the fly ash mixes but reported that this
enhances the paste quality b. ,d is thus beneficial in the long term

Ehm and Diederichs[169]showed that curing a 22 % fly ash replacement mix at 95 'JC
and 95-100 % relative humidity resulted in all the fly ash being reacted in 3 months,
and all the calcium tlydroxide had also been consumed at that stage. The pH however
did not drop belo., 9,5. lonescu and lspas'" showed that heat treatment allows higher
proportions of 1l:/ ash to be used and still achieve the same level of compressive
strength as the control. Vasquez et al[170]found that the microstructure of high
temperature cured fly ash mixes was different to that under normal curing.
Owens emphasised that because of the different way that fly ash mixes respond to
high heat of hydration the use of temperature matched curing of test specimens is
essentlal.P'" Harrlson'?" stated that the selection of the point in the structure with
which the temperature was to be matched needs to be done with care and
understanding of the consequences.

Cannont172]showed fjgures for the strength development of ordinary portland cement
and fly ash mixes which were designed to give very similar strengths under standard
Cl !ring. He showed that the fly ash mix gave about 65 % greater strengths under
temperature matched curing conditions that matched the temperature at the centre of
a 4,5 metre deep pour than the ordinary portland cement mix gave under its own
temperature matched c';ring conditions.

In summary, there are grounds for expecting some additional sensitivity of fly ash
mixes to poor curing due to the slower rate of hydration of these mixes. The fine '{iller
effect is believed to overcome some of the losses incurred here and it seems that ~he
choice of a suitable mix design method can eliminate the problem altogether although
more work is needed on this aspect to confirm the find:ngs. Temperatura matched
curing is opening up a new field of study and seems to S~10Wconsiderable benefits of
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~.,sing cements;with fly ash or slag in areas where the heat of hydration m:ght become
high.

3.5.4 Fioefiller effect

Ravina and Mehta[78]referred to the action of the fly ash as a filler and how these fine
particles formed nuclei for the formation of hydration products as being one of the
factors which influence the compressive strength of fly ash mixes. KellyI173]noted that
fly ash provided addidonal surfaces on which hydration products could grew. The
calcium hyaroxide was reportedly adsorbed onto the fly ash surfaces thus allow, 'i1J the
hydration of the cement to be accelerated, The consumption of lime at 3 df';tys i:,
insignificant, while at 28 days it has oecome substantial as the pozzoianic reaction
gets under way. Beedle et ,al[17~]however showed that the effect is not simply one of
providing nuclei for reaction products as fillers sue:' as graphite and alpha-alumina
have little effect on the initial rate of reaction of trtcalclurn silicate. The authors
believed that the acceleration of the hydration by some fine materials might be due to
the existence of two forms of C-S-H gel; a high calclcm to silica ratio (CIS) form which
has low permeability, and a low CIS form with high permeability. They postulated that
the fine materials that do cause acceleration of hydration might be lowei ing the calcium
concentration of the pore fluid thus generating the more soluble form of CIS, and this
hastens the end of the induction period.

Tenoutasse and M'3.riod131]noted that the incorporation of fly ash speeds the formation
of calcium hydrc :dde by somehow improving the water to cement contact. They
believed that the fly ash had a physical action which promoted the dispersion of the
cement particles. Idorn and ThaulowI62j stated that fly ash assists with cement
dispersion and therefore gives increased density in hardened pastes. This allows
retention of water in the smaller pores so that hydration can continue, unlike the
situation with ordinary cement pastes. Devalstd1421 noted that the detlocculation 0'£ the
cement is affected by the introduction of any fine powder.

Popovlcs'"" showed that fly ash and ground quartz powder gave similar strength
results up to 7 days after which the po?z'.Jlanicreaction of the fly ash allowed greater
compressive strength csvelopment, Vorn Berg[146]also rsterred to the fine fining &ffe~t
which he said was also noted with fine inert materials.

c

Krell[175]stated that fiy ash only acts a<;an inert fiHerat ages up to 28 days, and after
this the pozzolanic reaction lets the fry ash mixes show significant improvement over
the control mix. Gopalan and Haque'" reported that the replacement of cement by fly
ash on a volume basis minimizes the filler effect

Detwiler and Mehta(~761found carbon black to give very similar compressive strength
results to similar silica fume mixes; specia.l techniques were used to disperse the
carbon black. These results tend to disprove the statements by Beedle et al cn the
fine filler e~fect; they may simply not have achieved effective dispersion of the fine
materials in their mixes. It is however possible that the phenomenon noted by Detwiler
and Mehta could be caused by some difference in particle shape of the carbon b'aek
relative to the generally spherical silica fume particles.[1771

3.30



Some physical effect of fly ash on the hydration rate of, particularly, tricalcium silicate
is generally agreed on. Some authors beHeve that the same effect could be achieved
in the short term by other equally fine but otherwise inert materials.

Another means of evaluating the effect of fly' ash incorporation in cementitious mixes
is to look at the hydration process. This ls covered in the following paragraphs.

3.5. j The hydration process

Marsh and Day(178)pointed out that the calcium hydroxide content of a fly ash mix is not
only dependent on the amount of reacted cement but also depends on the extent of the
pozzolanlc reaction; the cement hydration produces calcium hydroxide while the fly ash
pozzolanlo reaction consumes it. In another paper Marsh et al[165)reported that in an
ordinary portland cement mix the calcium hydroxide content stabilizes at about 28 %.
In a fly ash mix this is reduced initially by dilution, and the pozzolanic reaction only
seems to occur after 28 days. For a fly ash paste to exceed the strength of the control
cement pastes the fly ash must consume 30-50 % of the calcium hydroxide.

Fajun et al[123)noted that the fly ash particles act as calcium sinks by dropping the
calcium ion concentration during the first 2 hours, which in turn retards the formation
of a calcium rich surface on the clinker particles. Juri-yuan et all5G] pointed out that at
later ages the calcium hydroxide content of fly ash mixes is reduced as the calcium
hydroxide reacts with the alumina and silica of the fly ash to form additional C-S-H
gel.

..",

Saito and Kawamura'"" found that the adoitlon of fly ash decreases the degree of
orientation of the calcium hydroxide crystals at the aggregate interface and suppresses
their precipitation there. Feldmad171i)noted that the fly ash started reacting wit,"~the
calcium hydroxide between 3 and 7 days in mixes with about 50 % fly ash. He further
noted that there is still considerable calcium hydroxide and unreacted fly ash present
even after 90 days of curing.

The CSIR[39] commented that it would require 99,9 % of the calcium hydroxide to react
with the fly ash to drop the pH to 10,0. They found that with 80 % fly ash content the
pH only dropped to between i2,5 and 13,0. AI-Amoudi et al[180lconfirmed this by
stating that the pH of fly ash mixes does not drop below the saturation pH of calcium
hydroxide.

Dhir et al[41]noted that the following processes probably applied during the hydration
of fly ash mixes: there was an initial retardation of the G3A reaction thus allowing a
potential acceleration of the C3S hydration; there was a physical effect on the
microstructure (fine filler effect) leading to a reduction in bleeding. These first two
effects dominated the first 7 days. Then finally there was the pozzolanic reaction
which resulted in about 50 % being reacted in 6 months and 60-80 % after 2 years,

Fajun et al[123]noted that the hydration of both CsA and C3S is retarded and that this is
not merely (he effect of dilution. The CSIRtS9] stated that the rate of hydration of fly ash
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mixes is very much slower than ordinary portland cement mixes. Tenoutasse and
Marlon'?" on the other hand, stated that use of 20 t10 fly ash has no great effect on the
hydration of cement. There would seem to be some differences in the quality or
composition of the fly ashes used in these different reports.

There seems to be some disagreement on the effect that fly ash has on the hydration
processes of ordinary portland cement, There is agreement that tne pozzolanlc
reaction consumes calcium hydroxide and the fact that this is 110tlikely to lead to a
severe drop in pH. There is however considerable variation in thinking on the time at
which the pozzolanlc reaction starts.

The pozzo!anic reaction and the reactivity of fly ash have also received a Jot of
attention as will become evident in the following paragraphs.

3.5.5 Reactivity of fly ash

The fineness of fly ash, as measured by the retention on the 45 micrometre sieve, is
reported to correlate weil with the reactivity of the ash,l41.42.45.58Jand the use of fine ash
can be expected to overcome some of the influences that fly ashes normally have on
early degree of reactivity.I28.38.51l]

MehtalGSI
] stated that the reactivity of fly ash depends on the rate of dissolution of the

glass and this is strongly dependent on the curing temperature. Sybsrtz" .I1j and Korac
and L:kralnolk'?" noted that the reactivity depends on the temperature of burning of the
coal in di1ferenttypes of furnace. Several authors pointed out the relationship between
reactivity and fly ash fineness or particle size distribution.I54.69,181JFtaay et al[1a2} found
little influence of fly ash composition en its reactivity.

The CSIR showed that milling ot a fly ash improved its pozzolanlclfv.'" while it
decreased on exposure of the raw fly ash to moisture.:122] The pozzolanicity does net
correlate well with the water reduction however,[61]but there is a general tendency for
pozzolanlclty to increase with glass content of the fly ash,"?

There is disagreement as to exactly when the pozzolanlc reaction actually starts. Dhir
et al[44]listed a range of views from 3 days to between 70 and 100 days. The
consensus appears to lie around 7 to 14 days or more, with little reaction before 7
days.[65.131.178.183.184]

o A test for pozzolanicity has been included in several national specifications for fly ash.
The type of test is reported as being strongly influenced by the cement used in the
test,':" and the use of a standard cement has been suggest~d.[32]Dhir at ai expressed
some doubt as to what such pozzolanlc activity tests meesure.'" Sybertz questioned
whether advantage should be taken of the water reduction brought about by the fly ash
in these tests.[181]

i

VI (~
l The commonly accepted quality measure of retention on the 45 micrometre sievo

seems to be the most convenient means of assessing the suitability of a particular fly
I
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ash for use in cementitious mixes. Once a fly ash source is rroved acceptable this
test can serve as the main quality control measure,

3.6 Dimensionaland elastic properties

The influence that the incorporation of fly ash has on the dimensional stability of the
mix is covered in the paragraphs that follow. These properties are influenced to a
large extent by the quality of the microstructure of the paste and therefore by the effect
that the fly ash has on the quality of the microstructure.

3.6.1 Elasticmodulus

Several researchers have reported that incorporation of fly ash has little or no influence
on the ratio between the modulus of elasticity and the compressive strength; the ratio
is reported to be similar with or without the use of fly ash in the
mix,[44.109,111.116,134.147,149,l53,1SS)This does imply that when fly ash use reduces or increases
the compressive strength at any given age, the elastic modulus will be affected
qccordingly.

Brooks and Ferrugia[1(0)showed a small drop in elastic modulus against compressive
strength as the fly ash content increased. As these mixes were based on replacement,
the compressive strength also dropped.

Rodway and Fedirko!'13Jstated that the elastic mtJdulus of the high fly aS1 content
mixes all exceeded that of the control at 91 days. This is a little surprising as the
compressive strengths of the mixes provided showed the highest fly ash content mix
to have a muci. lower compressive strength than the control. Sivasundaram et al[186J

produced data showing that the ratio of elastic modulus to compressive strength of a
high volume fly ash mix exceeded 1:heACt 3186 and ACt 3637 values. They ascribed
the high modulus value to increased densification of the concrete resulting from the
use of fly ash, and the possibility that unreacted fly ash particles were acting as
aggregates.

Swamy and Mahmud[14'ijshowed ".:heloss in elastic modulus of about 20 % for 50 %
fly ash concretes of strength between 30 and 60 MPa when exposed to dry curing
conditions to be less than would normally be expected (about 25 to 45 %) for ordinary
portland cement concrete under similar conditions.

American Concrete lnst'tuts, Committee 318, Building code requirements
for reinforced concrete, (ACI 318-83, revised 1986) ACI Man, 'il of
Concrete Practice, Detroit: American Concrete Institute, (1989) Part 3,
p. 318-29, clause 8.5.

7 American Concrete Institute, Committee 363, State-of-the-art report on
high-strength concrete, (A~I 363R-84}1 ACI Manual of Concrete
Practice, Detroit: American Concrete Institute, 1989,Part 1,p. 363R-21,
clause 5.3. i
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In summary therefore. the influence of fl\l ash on the elastic modulus of cementitious
mixes seems to be consistent with the ,t it has on the compressive strength.

3.6.2 Shrinkage

A net outflow of moisture from a cementitlous mix to the atmosphere will result in a
dec: ease in its volume; this process is known as drying shrinkage. If the incorporation
of fly ash changes the potentia! amount of water that can be lost, or the rate at which
it can be lost this will probably reflect in a change in the magnitude and rate of the
drying shrinkage of that mix.

Severe' papers stated that the effect of fly ash 011 the shrinkage is
negligible.I33•44,68.110.134.147.164.1I15.187) Other authors have reported that the effect of using fly
ash is to decrease the shrl tlkage.1111,117.153.163.167.188.1&9]

However, in contrast, Ravindarajah and Tam[I09)found increased shrinkage in mixes
with 20 or 40 % replacement of fly ash at age 90 days where the compressive
strengths of the fly ash mixes were close to or exceeded those of the control mixes.
Extended curing tended to reduce the difference in these tests.

Ravinaf531 looked at the very early dimensional changes of mortars and found that the
use of fly ash at various replacement values increased the initial expansion. His
results generally show a decrease in the shrinkage of the mortars after the end of
expansion when the fly ash is used.

Dhir et al[44.1851noted that the use of fly ash could be expected to lower the thermal
coefficient of expansion of concrete, although there was no obvious trend in their
results.

The general effect of fly ash incorporation in cementltlous mixes seems to be either
negligible or a slight decrease in the magnitude of the shrinkage strains measured. As
the generally agreed trend when fly ash is used is to find a reduction in the water
requirement of the mix, it is likely that the fly ash mixes have less water to lose. The
reduction in shrlnkaqe is therefore not surprising.

3.6.3 Creep

Creep is defined as the time-dependent increase in strain of a solid body under
constant or controlled stress.[IIl()] Various hypotheses have been prop" ~iedfor the
mechanisms involved; a common factor is that mobile water needs to be present at
different bonding levels within the structure of the cement gel. Creep movements are
believed to be associated with a change in the state of this water leading to a change
in the gel structore,

If the nss of fly ash brings about any change to the characteristics of the hardened
cementitious paste or the ease with which the water can change state it is likely that
this will be reflected by a chanqe in the creep behaviour of the mix.
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A large proportion of the published information on the effect of \lly ash on the creep
behaviour of cementitious mixes is that the magnitude of the creep strain measured
is reduced.133,44,68,90,l09,111,116,:S3,167,185,lS7,1S8,191!

Two papers showed an increase in creep strain when fly ash was used. Nasser and
AI_Manaseer[192,1931found that the creep of fiy' ash + admixtures concrete was some 72
% higher than the control. The fly ash mix had a higher slump than the control mix but
it contained 3 chemical admixtures in addition to the fly ash as opposed to the single
air entraining admixture of the control mix. It is therefore difficult to blame the fly ash
for the increase in creep strain as either the admixtures or the higher slump could also
have played a role.

Brooks and Farrugia[l50]found the early age specific creep of fly ash mixes to be
greater than the control; the difference was relatively small at 30 % fly ash but at 70
% fly ash the difference was large. As these mixes were proportioned on a
replacement basis the compressive strengths achieved by the fly ash mixes were well
below those of the control mix. The degree of hydration of the fly ash mixes was
presumably far lower than that of the control, partlcutarly in the case of 70 % fly ash
and it is possible that the rate of moisture movement in these mixes was greater. It
should be noted that no adjustment was made in the water content of the fly ash mixes
and therefore the workability was tar greater than that of the control mix.

Carette and Malhotra'?" postulated that, as with shrinkage, at early ages in the fly ash
a large proportion of the fly ash particles remain unreacied and contribute increased
restraint as fine aggregate particles instead. Dhir at al[1~3] noted that fly ash inclusion
must reduce the creep by altering the nature of the gel in which the creep takes p'ace,

Nasser and Al-Manasser'"? noted that the fly a' I J mix had creep that' was about 15
% below '(hat of the control even when the heat of hydration raises the temperature
slightly. 'Ihe CSIR showed that at luw temperatures the creep of fly ash mixes is still
lower than the ope control, but that it was increased relative to the figure for the fly ash
mix at normal ten iperatures,

The effect that the inclusion of fly ash has on the hardened cementitious paste
therefore appears to reduce the creep of the mix. Where increases have been shown
in the creep with the use of tiy ash the evidence against the fly ash is not absolutely
clear.

The dimensional stability of cementitious mixes seems to be little affected by the
incorporation of fly ash.

3.7 Durability
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One of the major concerns for owners and designers of concrete structures is that the
structure should provide as long as possible a life without the need for major
maintenance or reconstruction. It is also true today, with the level of industrial activity
as it is, that the environmental conditions that concrete r}s to face are bocornlnq more
and more aggressive as time goes by. Concrete is expected to be durable, but stories
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such as those on concrete "cancer" and the major maintenance bills for the repair of
concrete now facing the developed world indicate that there is a gap between
expectaflon and pertormancal''"

Part of the problem is due to changes in the quality of the ordinary portland cements
available today that are different from those made in the past. In some countries
modern cements are mot e reactive than they were about 35 years ago.I121]This has
led the Concrete Society of the UK to identify a need for cements to be less, rathe:
thsn more, reactive.

The properties of concrete that determine how resistant it is likely to be against the
attack of aggressive elements are as follows; impermeability and low porosity, abrasion
resistance, resistance against attack by soft water, ct.:oon dioxide and sulphates,
resistance against the diffusion of chloride ions, and iow sensitivity to alkali silica
reactivity.

The Influence that fly ash has on the ability of a cementitious mix to resist these forms
of aggression are covered in the following paragraphs.

3.7.1 Impermeabilityand low porosity

Permeability is defined as the property that characterizes the ease with which a fluid
flows within a material due to a pressure differential[195]and is measured by the volume
of liquid or gas transmitted per unit area per unit time per unit of pressure. It is
commonly expressed in units of metre (or millimetre) per second.

In concrete the aggregate fraction can be regarded as effectively impermeable.
Concrete owes its permeability to the paste fraction. Fresh paste consists of solid
particles dispersed in water. The volume of the space between the particles depends
originally on the ratio of cement to water. As the cement hydrates, so this space
becomes occupied by gel - the unfilled space represents capillaries, and it is these
capillaries that allow the transport of fluids through the concrete. A survey of the
literature on the subject of the effect of the use of fly ash on permeability follows.

Many papers have reported on the reduction in permeability when fly ash is
used.133.45.5D,54.69.B2.102,121,191l1Fraay et af501 reported that the decrease in permeability in fly
ash mixes is due to the fact that the hydration products are deposited relatively far
from the fly ash particles compared with deposition close to the cement particles in en
ordinary portland cement mix.

Kasai et al{197]showed the permeability of fly ash mixes, with the same wlc ratio as the
control, 10 be greater than the control under each of three different curing regimes. It
is notable that the fly ash mixes had compressive strengths well below the control at
all ages of test and also that the use of the fly ash made no improvement to the water
requirement of the mixes; there is a posslbillty that tnls was a poor quality ash.

Marsh at aIIl9B]showed how the fly ash pozzolanic reaction brought about a dramatic
reduction in permeability. The permeability of the 30 % replacement fly ash mixes (no
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reduction in water content) was initially higher than the controt but after slightly more
than 28 days curing at 20°C the pozzolanlo reaction commences and the permealiility
reduces sharply to be lower than the ordinary portland cement mix at about 100 days.

Rasheeduzzafar et al[141]ana' \I-Amoudi at al[180Jreported that while the perme~.;::ty
of fly ash mixes exceeded thai of the plain cement mixes at 28 days, at 90 days the
71y ash mixes had lower permeablllty than the control mixes. This is not entirely
surprising as the fl}f ash mixes were dasigned on a replacement basis land the fevel
of compressive strength of the fly ash mixes only overtakes the control near 28 days.

The CSIR reported that the water permeability of fly ash mixes was similar to that of
ope mixes when cured at low temperatures. They found however that these values are
increased relative to those found under standard curing cO:lditionsY67J

Cabrera and Wooley!I99]and 8aweja and Roper[15SJreported that the proportion of pores
larger than 0,5 micrometres is higher in an ordinary portland cement mix than in a fly
ash mix. Marsh et al[198Jnoted that the permeability of a material is proportional to the
proportion of large voids. Li and Royf200Jnoted that a finer pore structure results from
using a fly ash blended cement in a paste. They further showed that increasing the
fly ash content or decreasing the water to cementitious ratio dramatically reduces the
permeability of the paste to water or chlorides, even though the porosity increases.
Kumar et al[2()11showed that the porosity of both opc and fly ash mixes increases as the
curing temperature increases. Rlthough the pores in the fly ash mix are smaller.

Lin and Hwang!11?]noted that the cumulative pore volume of f:y ash pastes decreases
with time and that fly ash pastes have finer porosity at later ages. Feldman!202Jreported
that the low permeabllry of blended cement mixes results from a dlscontlnuous pore
structure.

o

The porosity of concrete mixes when measured by mercury porosimetry is reported to
increase above the levels recorded in control mixes when fly ash is used.179.151.203JThis
is possibl~' due to lhe ci)IIRpse of some hollow fly ash particles under the extremely
high pressures to whic!'" lhrJ mercury porosimetry exposes the concrete.

A number (}f authorsl1s.,1G4.1::!;!) have warnerf that the high pressures exerted in some of
the permeability tests may cause some breakdown of the pore walls and give
misleading results particularly for the fly ash mixes.

Dhir et al!204)reported on a variety of apparatus designed to evaluate the permeability
of the outer skin of concrete structures and made recommendations on which
apparatus to use. The quality of the skin concrete is fundame rtal to the durability of
reinforced concrete as it is this zone that has to provide the protective layer for the
steel. Such apparatus will be useful to determining the sensitivity of fly ash concretes
to poor curing.

GebJf3r and Klieger[1101reported that the water absorption of fly ash concrete i;_, lower
than the plain cement control. The CSIR came to a similar conctuslorr'?' although in
another paper they noted that while age appeared to have little effect on the absorption
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of ope or fly ash mixes exposure to carbon dioxide reduced the absorption of the fly
ash mix.[20SJAimid206Jnoted an increase in the moisture loss from fly ash mixes at high
relative humidity values and suggested that an excess of fly ash coarsens the pore
structure. Hobbs''" found the moisture loss from fly ash mixes to be controlled by the
water/cement ratio ignoring the fly ash.

Killoh et ali1S2]noted that the gel porosity of opc/fly ash pastes is about 50 % higher
than for ope pastes iudicating a lower bulk density of the paste. They suggested a
need for curing at high relative humidity to ensure that the proportion of large diameter
pores is small thus ensuring low permeability.

Fly ash does scem to contribute to reducing the permeability of mixes although the
porosity might increase as the fly ash content increases. As there is some effect of
exposure to low temperatures attention to the skin concrete is warranted where this is
exposed to poor curing conditions.

3.7.2 Abrasior..resistance

Concrete and mortars are exposed to aoraslve forces in f''avements and some
structural environments where wind, water or qravlty borne solids impact on the
exposed surtaees. The aggreg&!es play an extremely important role in abrasion
resistance, but in the fol!owing paraqraahs this tactor is ignored in the study of
published work on the effect of the incorporation of fly ash in mlxas on the abrasion
resistance.

All the papers consulted on this topic inlJo...:ated that when a fly ash mix has t'1e same
level of compressive strength as the control mix the degre~ of abrasion reslstance
offered is simila: in both m1xes.[39.90.110.116,12'J,207JBarrow et al[1291stated that the abrasion
res/stance is proportional to the compressive strength at the time of test, and is
independent of the fly ash content. They added that as fly ash mixes are more
sensitive to poor curing, site-exposed fly ash mixes mighi abrade faster.

Samarin et al[~'6Jnoted that while laboratory tests showed the levels of abrasion of fly
ash and control mixes to be slmllar, in a field trial a fly ash concrete showed greater
wear tiTfin ~he cornrol. When effective curing was carried out the degree of wear was
similar.

Butler and Ashby[207]found that under wet curing conditions there was little difference
in abrasion resistance between control and blended cement mixes. Air curing gave
reduced resistance for all mixes, while a good curinq membrane was found to improve
the resistance of all mixes but not to the same level as when wet cured. The CU[f!1g
compound seemed less effective with the fly ash mixes.

Abrasion resistance seems '\: t:~)related to compressive strength and is not affected
by the use of fly ash in well cured specimens. As abrasion usually occurs on the
surfaces exposed to the worst of site curing the abrasion resistance can be expected
to be one of the most sensitive properties of concrete to any factor that increases the
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susceptibility of the concrete to poor curing; a site trial has indicated a negative effect
of fly ash on this property,

3,7.3 Soft water attack

Soft water is water with the concentration of dissolved calcium salts close to zero. The
concentration gradient between concrete with its high concemration of calcium
compounds; and a soft water to which it is exposed is very steep, and the dissolution
rate of calcium from the concrete is likely to be high.t208l

There appears to be confusion about the effect that fly ash has on the resistance of
cementltlous mixes when exposed to soft water. The resistance seems to have
generally been determined on exposure to carbon dioxide dissolved in water. The
CSIR has shown an improvement tn resistanceP22) although in another paper they am
unsure about the long term effect.(61) In a further paper they have shown the resistance
to be poo{erP09

]

Balliml210
] indicated better resistance from fly ash mixes than an ope control but poorer

than a mix containing slag.

It is clear that more work is required on this subject, and pocslbly the first step should
be to define proper test conditions.

3.7.4 Carbon dioxide and carbonation

Carbonation is the process of conversion of the calcium hydroxide in the cementitious
paste to calcium carbonate by combination with carbon dioxide from the atmosphere.
This process causes shrinkage of the reacted mater' and may result in crazing of the
surface.l211J It is accompanied by a drop in the pi, of the pore solution from about
12,5+ to about 8,0.(157] The extent of carbonation depends on the permeability of the
mix, the concentration of carbon dioxide in the air, and the ambient temperature and
humidity.

t
'l
1
"

Carbonation is not particularly deleterious to concrete; the drop in the pH does
however reduce the protective environment around any reinforcing steel in concrete
and corrosion may result. Owens[1211 noted that corrosion of embedded steel is
Inevitable and can not be avoided without special treatment unless the concrete has
cement content of at least 380 kg/m3

• There has been fierce debate recentlyl130] in
Australia on the impact that fly ash and slag have had on the durability of concrete.

The effect of the use of fly ash 011 permeability has already been studied, and some
mention has been made of the effect that fly ash has on the calcium hydroxide content
of cementitious mixes, The effect that the use of fly ash has on carbonation will be
covered now.

The most commonty used test for carbonaflon is the use of the indicator
phenolphthalein which .s colourless at a pH of 8,0, but has an intense pink at a pH of
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9,8. Although Rahman and Glasser[212]pointed out that this test does not detect the
intermediate zone of carbonation it is a quick and simple test.

Kruger et all~) showed ~hewide range of published opinion on this effect, but reported
little difference between the rates of carbonation between the fly ash and control rnlxes
in their research work. Subsequent work by the CSIR showed that at low temperatures
the depth of carbonation for fly ash mixes was found to exceed the cornet and was
also greater than at standard tsmperatures.l'"?

The use .of fly ash has widely been reported as increasing the
carbonation.192.156.157.164,17S,213.214.2:S.21S.217)Me '1others have shown little impact[39.1'l4.,55.213.218.219)
or have found little differel !r.:E) at later ages after an initial faster rate,c117.147.1S1.2D5.220.221)
Some authors haIJe expressed the view that the rate of carbonation is proportional to
the wlc ratio ignoring the fly ash content,i3ii•2i';j but othersils7.21Glhave shown that the iiy
ash does have the impact of being about half as effective as its weight in cement in
controlling the carbonation. The use of curing compounds is reported to slightly
improve the resistance to carbonation of fly ash mixes.I2D7J

There has even been some evidence of very low rates of carbonation for fly ash
concrete when exposed to site conditionsy9~)

The data presented seem to indicate (hat before any appreciable pozzolanic reaction
has occurred there is less resistance to carbonation of fly ash mixes, but once the
pozzolanlc reaction has played its roie the rate of carbonation of thb' fly ash mixes
decreases. Consideration should again be given to the impact that the heat of
hydration has on the quality of the rnlcrostrucnire'?" as this too COuld playa part in
determil";""'l:I me resi'S~k{nce of fly ash mixes to carbonation. There seem to be two
factors that have an effect here, ie the fact that the fly ash will tend to redu. a the
calcium hydroxide content of ihe mix and thereby reduce the resistance to carbonation,
but on the other hand through pore reflnement the permeability will tend to be reduced
slowing the rate of gas penetration.

3.7.5 Sulphate)attack

Cementitious mixes are susceptible to deterioration by attack by sulphates in the
following ways;

• conversion of calcium hydroxide to calcium sulphate with subsequent
crystalllzatlon, expansion and disruption,

• conversion of hydrated calcium aluminates and ferrites to hydrated calcium
sulpho-aluminates and sulpho-ferrites again followed by expansion and
disruption,

• decomposition of hydrated calcium silicates.[2221

Good quality dense concrete wit!, a Icw permeability will be more resistant to attack
by sulphates than more permeable concretes. If the use of fly ash can contribute to
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the impermeability of a mix then it should reduce the susceptibility to sulphate attack.
The use of fly ash will also contribute by redJcing the calcium hydroxide content by
pozzolanic reaction, and so the first of the abc J€i mechanisms can be reduced in
severity The following paragraphs detail some published reports on the effect of fly
ash on sulphate resistance.

Most of the reports show significant improvements in the resistance to
sulphatesf67,69.11tl.122.Ml.223.224.225.m.227Jwhen fly ash is incorporated in the mixes. Hughes[159)
reported that the sulphate resistance of a mix is proportional to the entry pore diameter
and as the fly ash mix hac.'smaller pores it was less affected.

Marsh and Joshil2'"S]stated that the sulphate resistance of fly ash mixes is dependent
on the degree of pozzclanlc reaction of the fly ash. Joshi[2251found improved sulphate
resistance for fly ash inclusion but noted that fly ash with high calcium oxide contents
reduce the resistance. Yuan at al(226)confirmed that class F fly ash is more effective
than class C fly ash in reducing sulphate attack.

Some of the authors noted that the chemical composltlon of the cement used in the
tests remains an Important factor in the results.[224.225]Hughes!1f;9Jnoted that a well cured
70/30 fly ash cement rnlx did not provide the same degree of resistance to sulphate
attack as a sulphate rsslstlng cement even though the fly ash mix was well cured; he
hesitated to extrapolate these findings to recommendations for site practice.

The general impression is thut fly ash improves the resistance of cementitious mixes
to sulphate attack. The mechanism is possibly through dilution or consumption of
susceptible compounds in the mix as well as by Improvement of the pore structure and
reduction of the perrr-sabll'ty of the mix. From one result it would seem that more tha i
30 % fly ash is needed to provide equivalent swlphate resistance to sulphate reslstlnj
cement.

3.7.6 Chloridediffusion andccrroslcn of steel

Bassod208
) notes that the chloride ion can readily penetrate even slightly porou

concrete to reach the reinforcement, and once there forms ferrous chloride which
oxidizes to ferric chlonde and under the alkaline conditions present in the concrete is
then precipitated as tetric h}/d'oxide thus freeing the chlorides for further attack. He
points out that the corrosion products occupy more than twice the volume of the
original metal and the process will thus lead to expansion and disruption of the cover
concrete.

o The majority of published information on the rate of chloride diffusion through
cementitious mixes has reported that the use of fly ash brings about a reduction in the
rate of diffusion.I26.7o.141.2JO.201.21il.22il.230J

Plante and Bilodead229Jnoted that a 25 % replacement fly ash mix ",ith lower 28 day
strength than the control had a lower chloride diffusion rate. Tuutti and Fag;erlund(219)
reported that the chloride diffusion rate reduced by a factor of 50 when a 40 % fly ash
replacement mix is used.
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Plante and Bilodeau!229]noted that the rata of chloride Ion diffusion decreased in all
mixes as the period of moist curing increased. Kumar et al[201Jfound that an increase
in curing temperature makes a slqnlflcsnt improvement in the chloride diffusion rate of
fly ash mixes while this improvement is not evident in ordinary portland cement mixes.
Gebler and Klieger[lS6]found that when cured in air fly ash concretes are as resistant
as ordinary portland cement concretes to chioride penetration.

It seems evident that the rate with which the chloride ions can penetrate a fly ash mix
is in no way inferior to plain cement mixes. The following paragraphs give the findings
of researchers into the aspect of resistance offered by fly ash mixes to the corrosion
of the embedded relntorclnq steel.

As noted before the steel will rust under alkaline conditions if chlorine and oxygen are
present.I39) Kokubu and Nagataki(214)noted in 20-year old concrete that in some places
corroslrn had occurred before the carbonation front had reached the steel.

Some authors have indicated that fly ash mixes offer no poorer protection against steel
corrosion than is the case for plain concretes.[27.82.106.1G3JOther researchers have reported
that the protection improves with fly ash use.[lS0.231,232]Hansen et al!233]reported that fly
ash seems to be more effective in controlling the ingress of chlorides than in
co. 'iributing to compressive strength.

The CSIR noted that although the use of fly ash helped control chloride ingress in high
strength mixes, in some lower grade mixes the use of fly ash resulted in a severer form
of corrosion than was the case for the controt'""

The use of fly ash seems to assist in reducing the rate of chloride ingress and with
dense concrete the protection offered by fly ash concretes is, in most cases, at least
the equal of the ordinary portland cement concretes.

3.7.7 Alkali-aggregate reactivity

CI

The phenomenon of tre expansive reaction of some susceptible aggregate types in
concrete was first ldentlfiad in the USA in 1938, but has, in recent years, been
recognized in most countries in the world. In South Africa the first reports were of the
deterloranon of Steenbras dam, followed by reports of other structuree in me Western
Cape showing similar signs of deterioration. In 1974the problem in th-s Cape was
identified by the NBRI of the CSIR as alkali-aggregate reaction with the Ma.lmesbury
hornfels coarse ag9re~ate in the structures.

..~

l

The factors influencin;::J the reaction are the total available alkali content of the
concrete, the degree of compaction and density of the concrete, the presence of a
reactive aggregate and the necessary environmental conditions. The total available
alkali content will typically be made up from contributionc from the cement, the cement
extender (if present), adrnlxtu. es, the aggregates and the mixing water. The main
source will generally be the cement.
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A great deal of pioneering research was done by the NBRI and they have published
widely on ~he control measures to be taken where deemed necessary _£235) Included
amongst these recommendations is one of incorporating at least 20 % fly ash in the
mix where proolerns are anticipated. Other published information is summarized in the
following paragraphs.

Many authors have reported on the reductions that occur in the destructive expansion
from alkali silica reaction with the inclusion of fly ash.145.54.11tl.135.147.236.237.238.239.240.2411Others
have noted that some alkalis are contributed by the fly ash, the proportion of available
alkalis being sstlrnated as about 17-35 % of the total alkalis, but generally this does
not rule out the high alkali fly ashes for use.125.79.242.~431

AI_Asali!2441reported on tests where the fly ash contributed to higher expansions at later
ages even though the initial expansion of the fiy ash mix was less, The alkali content
of the fly ash was not unusually high at 2,1 % scdlurn equivalent, and fused silica was
used as the aggregate. Ravina and Mehta(79)noted that when fly ash is used
expansior 3 OCC! 'r at lower alkali contents (ignoring contributions from the fly ash) than
would be the c. e with plain cement. Carrasquillo and Snow(243)also found that a high
t.:llkalicontent in the fly ash reduced its ~ffectiveness in reducing the expansion, and
found some increase in expansion with a 15 % fly ash mix.

Some authors noted that the problem can lJe exacerbated by alkalis penetrating from
outside the concrete from sources such as sea water or de-icing salts.[245.246.247JRoper
warned against the use of reactive aggregates in prestressed concrete as ths control
of expansion usin~ pozzolans has not been proved over a period of longer than 10
years.[246JFarblarz 24B)reported that tns process of intergrinding the fly ash with the
cement improved its performance in contrc,l!ir.g the expansion relative to blended
cements using the same materia's, although this did not wor'c for all the fly ashes used.

The role that fly ash can play in reducing the deleterious expanslons caused by alkali
silica reaction is weI! documented although it would seem appropriate to carry out tests
it the fly ash to be user; has a high total alkali content. Tho a~propriate minimum level
of fly ash to bp used to bring ~hout a suitable reduction in expansion seems to be
20-25 %.

3.7.8 Acid attack

Ordinary portland cement concrete is inherently susceptible to attack by practically all
mineral acids and some organio aclos too. The rate of attack is dGtermined by the
cement content of the concrete, the amount and solubility of tha aggregate and the
permeability of the concrete and the amount and concentration of the acid.(249)

Marsh and Joshj[249Jreported that the weight loss from pastes immersed in sulphuric
acid increased with a 30 % partial replacement of fly ash. Backes[:>solfc:.,od that it was
only possible to use 20 % fly ash in mixes exposed to carbonic acid before the
improvement that the fly ash brought about was negated. Fidjestol[2Sl'noted that fly
ash and fly ash-sluca fume mixes are less susceptible to attack by orqanlc acids, with
rich mixes showing more resistance than lean mixes.
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This is an aspect w~jich has had relatively' little attention, with presumably the
philosophy being not to expose concrete of any composition to acids if this is
avoidable.

3.7.9 Generaldurability aspects

The following paragraphs contain reported effects of fry ash on some other aspects of
durability not previously covered,

Some papers have reported on general durability improvements due to pore refinement
(ie a discontinuous structure), a lower permeability and a reduction in the calcium
hydroxide content}34,69,121,202}Reports have been published of satisfactory durability in
exposed fly ash concretes. [155,1?t>2J

There are several reports stating that the use of fly ash has little impact on the
freeze/thaw resistance of concrete provided that the air content and compressive
strength are equal to the control.r30,152,?j9,2~9,253Jalthough Yuan ana Cook[l52)Telt that there
might be an upper limit to the fly ash content as they noted higher scaling damage in
a high fly ash co=ent mix. Other authors have reported a deterioration in the
resistance to free ,law attack with the use of fly ashyee,175,2(l3.2541It is not clear from the
literature whether tile differences of opinion are due to the fly ash used or differences
in the methods of proportionlng, curing or tl;:.,ting.H4]

Baweja anc Roperl155) reported that fly ash concretes have a high degrag of salt
exudation; this is likely to be of cosmetic importance only.

It is likely that a fly ash concrete can be proportioned to provide adequate durability
under most circumstances. even if this means that the cementitious content of the mix
is higher than without the fly ash.

3.8 Miscellaneous

Some other aspects of the effect that the use of fly ash has on concrete remain to be
considered.

3.8.1 Ternaryblends

With the relatively free availability of supplementary cementitious materials some users
have used combinations ot ordinary portland cement and two of the range of other
materials. Some information has been published on the combination of fly ash and
slag or slllca fume and this is covered in the following paragraphs.

Potter!70l noted that 3 component blends have been used since slag became
commercially available in Acstralla in 1966 but little lntormatlon on this has been
published. Munnl3'1] reported that ternary blends had been used with great success and
that there is 2; unique lnteracfon between the siag and fly ash that leads to superior
concrete properties.
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Austln at aii25~1reported mat a combination of 25,5 % coarse fly ash with 4,5 % silica
fume performed similarly to a 30 % fly ash (fine) mix and proved more cost effective.
Mantegazza et al[256J noted that the s9tting flrns decreased as the ratio of siiica fume
to fly ash is increased. The compressive strength of the ternary blend is reported to
be superior to the ope fly ash mix, and carbonation is reported to be decreased with
the use of fly ash or silica fume.

Little published information could be located on this topic. While there appears to '.Ie
a potential for such mixes, it would seem that more research is needed to provicm a
better understanding of the interaction between all the cementitious components of the
mix.

3.8.2 Useof admixtures

Use of chemical admixtures has become commonplace in most countries, although
they have not yet made a very big impact in South Africa. The following para::raphs
cover the reported effects that the use of fly ash has on the effectiveness of such
admixtures.

Dahl and Meland[83]reported that the effect that fly ash has on the performance of a
chemical admixture depends 01 the rate of adsorption of the admixture onto the fly ash
particles. Several authors[31.37.40.9'l.lS9.253.257Jhave reported that the dosage rate of air
entraining admixtures needs Labe increased in fly ash mixes, particularly class F fly
ashes. This has been ascribed to th.3 carbon content of the fly ash as it apparently
absorbs air.[40)This phenomenon has also been reported to occur with water reducing
adrnlxtures'" as weH as with superplasnclsers.i'" Superpfasticisers have been used
to make it possible to get a sufficiently low water to cement ratio with high-volume fly
ash mixes to provide tha compresslve strength performance desired.[lc5.2S8)

Alasall'"" reported that some high range water reducing admixtures have been found
to aggravate alkali aggregate reactions in concrete.

Although it is possible ';hat some adjustment may be necessary to the dosage rate of
chemical admixtures in order to achieve the desired effect there are no reports of any
lncornpatlbllltles with fly ash.

3.9 Summary

After consideration of all the published data on the effects of the use of fly ash in
cementitious mixes the roliowing factors appear:

i) There is much conflict:~g information on the effect of the use of fly ash.

ii) Some of the differenc6s can be ascribed to the wide differences in the quality
and chemical composition of me various fly ashes used in the tests reported on.
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iii) Another, possib.y more slqnitlcant, factor is the different ways with which the
mixes have beer. proportioned to prepare the test specimens, is replacement,
addition, partial replacement etc.

iv) A third factor is that there are differences that occur when different test methods
are used to produce similar results.

Fortunately in South Africa the user is not faced with a wide range of different sources
for fly ash and IS only like!y to be able to get fly ash from either the Matla or Lethabo
sources supplied by Ash Resources for the foreseeable future. The literature survey
however serves to SJt ~h9 scene for the experimental work covered in subsequent
chapters.
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CHAPTER 4

4. RESEARCH METHODOLOGY

4.1 Problemdefinition

The users, specifiers and owners of products or structures containing portland cement
in South Africa are accustomed to a level of performance defined by their experience
with the behaviour of ordinary portland cement under site conditions in the various
parts of South Africa. The fact that the performance of.ordinary portland cements tends
to vary with time and source 01 supply is taken into account to some extent by these
experienced users or specifiers. Any cement producing company that wishes to
introduce a new product into this market needs to be aware of the impact such an
introduction could have on the user body if the performance of the new product is
different from that of the ordinary portland cement used in the past. This is especially
so if the diHerence in performance is substantial and greater than the normal variability
of ordinary portland cement.

The objective of this study is to evaluate the order of magnitude of difference, if any,
between the performance of:

i) the early-age characteristics of ordinary portland cement against tile
performance of the new product containing fly ash; these differences are of
prime concern to the contractor involved with the everyday use of materials on
the construction site.

ii) the medium- and long-term characteristics of ordinary portland cement
concrete against the new product containing fly ash; these differences are of
prime concern to the specifier and owner with their desire for long term
durability of the structure.

In both cases cognizance must be taken of the inherent variability of ordinary portland
cement The above differences in performance must be considered in the light of the
ability the experienced user generally deveiops to accommodate the variability of
ordinary portland cement performance.

Once these factors have been considered, guidelines can be proposed for the practical
use of the new portland cement on sites and in yards in South Africa.

4.2 Researchmethodology

In most cases use has been made of common laboratory techniques covered by South
African Bureau of Standa.rds (SASS), British Standards (8S), American Concrete
Institute (ACI) or American Society for Testing and M~terials (ASTM) test methods to
determine laboratory values for commonly measured characteristics in concrete or
mortar. Due consideration has however been given to site conditions and their possible
impact on these characteristics. In each case full method descriptions have been given
where deviations have been made from standard test methods or where a new test
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where deviations have besn made from standard test methods or where a new test
method has been developed.

The characteristics which have been evaluated are as follows:

4.2.1 Characteristics of fresh mixes

Laboratory measurements have been made of the changes that the incorporation of
fly ash brings about in a fresh mix of concrete or mortar to the following parameters:

• rheology and workabltlty

• setting time

• bleeding

• heat of hydration

4.2.2 Characteristics of hardened mixes

Measurements have been made under laboratory and simulated site conditions of the
influence that the incorporation of fly ash has on the properties of hardened mixes. The
following parameters have been studied:

• compressive strength

• elastic modulus

• shrinkage

• creep

0» durability

4.2.~ Other studies

Some work has been done to evaluate the influence that the use of fly ash has on the
effect of chemical admixtures in fresh and hardened mixes. A study has also been
made into some aspects of ternary blends i.e. blends of ordinary portland cement, fly
ash and another pozzolanic or latent hydraulic material such as silica fume or ggbs,
in an attempt to develop an understanding of performance in anticipation of what might
become construction practice in the future.

4.3 Selection of materials to be used

4.2

4.3.1 Cementitious materials

In the introductory chapter detaHs were given of the declared intentions of the three



South Africa Cement Producers as repards fly ash cements. These companies were
asked to submit suitable samples of the cements that would be used for blending
purposes.

D & H Ash Resources were asked to supply PCI with sufficient fly ash from the Matla
power station, at that time the only source of commercially available fly ash. Some of
this ash was subsequently supplied to PPC to manufacture the in ~rground products
for this test programme. ppe was asked to submit interground fly ash cements at
5 %, 15 % and 30 % fly ash content in addition to the cement to be used for blending
purposes.

At the time that the test programme was initiated the fly ash from Matla power station
was being taken from the material retained in fields 2 and 3 of the electrostatic
precipitator. Subsequently, due to a change in the operating procedure by Escom, it
became necessary to install air classification equipment at Matla. Initially little of the
classified material was used in testing. However it was subsequently found that there
were differences in the behaviour of fly ash collected by selection or classificaUon and
further tests were done using the classified ash too.

The construction of the Lethabo power station commenced during the test procrarrvne
and samples of fly ash became available. The classifier for selecting fly ash for
cementitious use was only commissioned in mid 1990 and test samples were made
available for some indicator tests shortly after that. However, the majority of the testing
has been done on the Matla ash.

The physical characteristics of the cements and fly ash samples supplied are given
in table 4.1 while their chemical characteristics are given in table 4.2. All these data
were obtained from analyses carried out by the Technical Services Department of the
Pretoria Portland Cement Company. It should be noted that the data presented in table
4.2 are for analyses on the fly ash samples used in this investigation; in contrast to
this, the data in table 2.2 are for total ash produced at the two power stations in a raw
unclassified or unselected form.

For the investigation into the effect of the use of Lethabo there were sligl~'ilydif1erent
objectives. In this case the fly ash was obtained from Lethabo, and the cement came
from three eourcss close to the PWV.

The cements used in this work are identified by code as the information is derived from
a confidential testing proqrarnrne that was incomplete at time of writing. The client
preferred the information on the sources to remain confidential. The physical and
chemical properties of these cements and fly ash samples are shown in table 4.3.

The de·.ctin tables 4.1, 4.2 and 4.3 show that both the Matla and Lethabo fly ash
samples comply with the chemical requirements of SASS 1491: Part 11-1989[2601,and
also r .eet the fineness requirement of the same specification. Other requirements not
evaluatnd for their compliance with SASS 1491 are the degree of water reduction, the
reactivity and the soundness. Nona of these requirements existed when the original
~esting of the cementltlous materials was done. Both ashes also comply with the
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equivalent requirements in ASTM C 618_891261J for both classes F and C fly ash. and
those of [,3 3892 : Part 1 : 1982.(262)

All the cements comply with the relevant rp~uirements of SASS 471.12631

4.3.2 Aggregates

A wide selection of aggregates is available in the PWV area. in choosing the coarse
aggregate the following aspects were considered:

.. Reef quartzite was rejected on the basis of possible alkali-silica reactivity.

.. Granite was rejected on the basis of the effect lenses of relatively soft
weathered materia! might have on the elastic properties of mixes.

.. Dolomite and andesite were rejected as they both appear, to a greater or lesser
extent, to enhance the compressive strength of mixes by mechanisms which are
not fully understood. In the case of dolomite this effect is confined to the sand
fraction.

• Dolerite aggregate was eventually selected as there were no known potential
"side effects" associatea with its use. A 13,2 mm road stone material was
selected as it would permit the manufacture of small speclrnor is where
necessary. The road stone material was used because of its superior particle
shape. The physical characteristics of this material are given in table 4.4.

In considering the selection of the fine aggregate the above list of materials was
rejected on the same grounds as for the stone. In the case of the dolerite the particle
shape of the sand proved to be too poor to permit reasonable plastic characteristics
to be achieved in fresh mixes. The commonly used decomposed granite {river} sands
were considered too friable for use where prolonged mixing cycles might be necessary.
The sand eventually selected for use was a precessed weathered Ecca grit from the
Kendal-Balrnoral area of the eastern Transvaal. This sand produces "friendly" mixes
over a wide range of strengths and has a sound history of use as a standard sand by
PC I.

The sand was identified by Professor Mciver of the Depa.rtment OJ Geology at the
University of the Witwatersrand as a medium grained sand strongly dominated by
angular to subangular quartz grains accompanied by minor feldspar and characterised
by reddish iron oxide staining.

The physical characteristics of this sand are given in table 4.4. The gradings (If both
aggregates are portrayed in figure 4.1.

Although the sand has a dust content exceeding the upper limit set by SASS 1083:
19761264] several years of experience of using this sand in laboratory tests has shown
this factor not to be deleterious, and in tact the sand allows the production of concretes
with very good plasflc characteristics.
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The grading 01; the dolerite stone sample complies with the requirements of SASS
1083: 1976y~.;4JThis stone was identified by Professor McIver as an unweathered fine
trained dolerite dominated mineralogically by a crystalline assemble, ~ of calcic
plagioclase and augitic pyroxene, The grading of this sample is also shown in tabie 4.3
and in the graph in figure 4.1.
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Figure 4.1
Particle size analysis for aggregates
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When it came to the selection of the materials for the investifJation into the influence
that Lethabo fly ash has on the properties of concrete, different objectives were set for
the investigation. In this case the aggregates selection was based on tho most
commonly used combination of aggregates in the Pretoria/Wim'at9rsrandNereaniging
(PWV) area.

The sand selectea for this investigation was a "river" sand from the Jukskei quarry clf
Messrs. Hippo Quarries. The physical characteristics of this sample are given in table
4.5 and shown graphically in fi~,ure4.2. The grading of the sand, apart from a slightly
high dust content, complies with the requirements of SASS i083: 1976[2641for concrete
sand. Professor Mciver iCler:tified this sample as a decomposed granite sand
composed of grains of quartz and granular aggregates of quartz and feldspar showing
various degrees of alteration to sericite and kaolin. Biotite is present as a minor phase.
Fines include the foregoing together with sericite and kaolin.
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The stone used in this case was a sample of 19-mrn reef quartzite stone derived from
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Cooke Shaft crushers of Blue Circle Materials, The grading of the sample complies
with the grading requirements of SASS 1083: 1976[264]for 19-mm stone. The physical
properties are detailed in table 4.5 and shown graphically in figure 4.2. Professor
Mciver identified this sample as a medium grained orthoquartzite dominated by
recrystallised detrital quartz grains accompanied by variable lesser quantities of white
mica, chlorite, chloritoid and pyrite.

Figure 4.2
Particle size analysis for aggregates
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4.4 Principles of mix proportioning

'I he mix proportions used differed depending on the purpose of each test. All mixes
used for sample preparation have been summarised at the end of this chapter. For
convenlenco in most cases the details of the actual mixes used have been placed in
each chapter where the !O\.irlnlCalaspects are discussed.

The need, when mixes are proportioned with fly apt, as a cement extender, for some
modification to be made to the conventional procccares is discussed in section 4.4.1.

The particle size distribution of Mutla fly ash is shown in table 4.6 against the same
analysis for an ordinary portland cement from PPG Jupiter.[265]It can be seen that the
mean particle size for this sample of Matra fly ash is Jess than half of that of the
sample of Jupiter ordinary portland cement.
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Figure 4.3 shows the particle size distributions for the two samples graphically.

The particle shape of the two , iaterlals is' evident in the photomicrographs given in
figures 4.4 and 4.8. Figunes 4.5, 4.6, 4.71 4.9, 4.10, 4.11 and 4.12 give similar
photomicrographs of other cemsnnuous materials used in this work.
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Figure 4.3
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Figure 4.4 shows particles of Ma'.la fly ash while figure 4.5 gives an idea of the shape
of fly ash from Duvha power station for comparison. Figures 4.6 to 4.8 respectively
show views for the samples of Roodepoort, Lichtenberg and Jupiter ordinary portland
cements used in this project. Figure 4,9 shows particles of ggbs from VanderBijlpark
and figure 4.10 panlcles of silica fume from Silicon Smelters in Pietersbuig. Figures
4.11 and 4.12 give views of the 15 % interblend and lntsrqround cements respectively.
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Figure 4.4
Photomicrograph of Matla fly ash

Figure 4.5
Photomicrograph of Duvha fly ash

4.8



Figure 4.6
Photomicrograph of A-A ope

Figure 4.7
Photomicrograph of Be ope
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Figure 4.8
PhotGmicrograph of PPC oPC

Figure 4.9
Photomicrograph o! V d Bljl slag
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Figure 4."to
Photomicrograph of silica fume

Figure 4.1i
Photomicrograph of PPC i5 % blend

o
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\
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Figure 4,12
Photomicrograph of PPC 15 % grind

These photomicrographs were produced on the Scanning Electron Microscope
equipment at the University of the Witwatersrand.

It is obvious that most of the fly ash particles are spherical while those of the ordinary
portland cement and slag are much more angular. There is also a fairly obvious
difference in the degree of sphericity of the fly ash particles from the two sources Matla
and Duvha - the fly ash from Duvha shows far more non-spherical debris (possibly
mullite) particles than is the case for the fly ash from Matla.

The differences are referred to again when the rheology of fly ash mixes is discussed
in chapter 5.

4.4.1 Stone content determination when fly ash is used

One of the propernss used in South Africa for the first estimate of the stone content
of a concrete mix is the fineness modulus of the fine aggregate. The fineness modulus
of the sand is determined as the sum of the cumulative percentages passing sieves
from 150 micrometers up to 4,75 mm. (Sieves above this size are also included where
relevant but only those in a series of doubling the aperture above 4,75 mm are taken
into account in the calculation of the fineness modulus.)

Experienced concrete technologists will however be aware that while the conventional
theory is generally applicable it is also true that as the cement content of the mix
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increases it becomes possible to increase the stone content without prejudicing the
placeability and compactibility of the mix. Much of this extra mix plasticity can probably
be ascribed to the increase in total mortar fineness as a result of the fine material
introduced by the cement; l.e, the theory used to determine the stone content ~ortrial
mix purposes is probably a little simplistic although the errors are small enough not to
require revision of current practice.

Because the fly ash is finer than the cement that is being replaced by it. the overall
grading of the paste and mortar becomes finer. This can be regarded as being
equivalent to an increase in the cementitious content of the mix. irrespective of whether
the cementitious/water ratio is increased or not; i.e. the mortar fineness increases and
therefore it becomes possible to increase stone content as described above.

D & H Ash Resources have published a bulletin giving details of a proposed mix
design methodJ266)The proposals made in that paper regarding the modifications that
can be made in the stone content of tne mix have been shown in this study to be
appropriate for the combinations of materials used in the experimental work.

It should be noted that a moderate increase in the stone content of a mix will result in
a reduction in the water demand of the mix. This fact has not gone unnoticed by some
less scrupulous tecnnologists who have "saved" their clients money by increasing the
stone content and therefore reducing the water, and proportionately the cement content
of the mix. While this practice may be justified in some cases it can result in a mix
being under-sanded and difficult to piece and compact.

The increases in stone content of a concrete mix that have been found possible with
the introduction of fly ash have been shown generally to be justified. No proof of this
statement can be provided as the assessment of the quality of a fresh concrete mix
is rather subjective. It is so subjective in fact that on one occasion when each of the
technical staff of PCI and some construction industry concrete technologists were
asked to design a concrete mix using the same materials and same mix design
procedure a range of stone contents was obtained that exceeded 10 % of the mean}2S7]

As the proposed magnitude of the increase in stone content of a mix is equal to 3 %
for every 15 % of fly ash added it can be seen that the lack of sensitivity of the mix
design procedure could mask the apparent validity of the change.

Several very experienced concrete technologists at PCI have however agreed that the
principle of modification of the stone content of the mix when fly ash is;incorporated is
acceptable and justified.

This modification has been applied in some of the work in this study.

4.4.2 Other changes to standard procedure

Aspects of adjustment of cementiwater ratio to ensure equivalent 28 day compressive
strength that may oe necessitated by the introduction of the fly ash will be discussed
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in more detail in the chapter on compressive strength.

The use of fly ash also has an impact on the rheology of the mix; this allows other
changes to the normal proportioning practices. This is covered in chapter 5.

4.5 Details of mix proportions used from which test specimens have been
produced in these investigations

A large .number of test specimens was produced during the process of these
investigations. The following paragraphs give some details of the mix proportions used
for manufacturing the various test specimens used.

4.5.1 Mixes for workability assessment

Chapter 5 deals with the properties of fresh concrete. ln the measurement of the effect
of fly ash on the workabiiity of concrete (as measured by the slump test) many mixes
were made. Table 4.7 gives the detalls of the mixes made with the materials for the
Matla fly ash investigation. Table 4.8 gives information for the Matla fly ash mixes
determined for a commercial client of PCI. Table 4.9 gives the mixes used for the
Lethabo investigation.

4.5.2 Mixes for measurement of rheology

Chapter 5 also contains a section covering the measurement of the rheology of pastes
made with ordinary portland cement and with opc/fly ash blends. The proportions used
in these mixes are given in table 4.10.

4.5.3 Mixesfor setting time determinations

o

A number of mortar mixes were made using Matla fly ash and Kendal sand to provide
the test specimens for setting time determir.ation covered in chapter 5. Initial work was
done to €ivaluate the influence of making the specimens from a screened concrete
specimen or making a mortar with the same mix proportions excluding the stone. Table
4.1'1 gives the mix proportions used in the OPC and 30 % fly ash mixes. Once the
principle ,'f using mortar mixes instead of screened concrete specimens had been
establlshed a full series of setting time determinations was carried out using PPC
Jupiter ope and selected Matla fly ash. These mixes are detailed in table 4.12.
Additional information on the effect of Matla fly ash on setting time was generated from
the mixes in table 4.8. Another set of information was available from an investigation
done in the PCllaboratarles for another client. These mixes, again using Matla fly ash,
are detailed in table 4.13.

The mixes made to evaluate the effect of the addition of various anions and cations
vlere made using the mortar proportions given in table 4.11.

Setting time determinations were done at different temperatures with mixes from tables
4.12 and 4.13 and the results are discussed in chapter 5.
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Setting time determinations with Lethabo fly ash were done using mixes in table 4.',14;
these tests were done over a similar range of temperatures.

4.5.4 Testsfor bleeding

Mortar mixes were made with Matla fly ash. PPC Jupiter OPC and Kendal sand for
bleed determination. The mix details are those given in table 4.12. t.dditional tests wer~~
done on concrete. The mix proportions for these mixes are given in table 4.13.

4.5.5 Mixesfor heatof hydrationmeasurement

Chapter 6 covers the work dane to time of document preparation on the measurement
of the adiabatic heat of hydration in a calorimeter built at the University of the
Witwatersrand to an initial concept obtained from Blue Circle in the UK.

The mixes used in two sets of tests are detailed in tables 4.15 and 4.16

4.5.6 Mixesfor compressiveandflexuralstrengthd~termination

Substantial numbers of specimens were made for the determlnation of compressive
strength at ages up to 120 days and flexural strengths at age 28 days. The mixes used
for the Matla fly ash are detailed in table 4.7 and those for the Lethabo fly ash in table
4.9.

Large blocks were cast to allow an evaluation of the impact "site" curing has on
extended mixes. The proportions used for these mixes are given in table 4.17.

The compressive strength under temperature matched curing was determined using
specimens made with the proportions in tat'e 4.16.

4.5.7 Determination of elastic modulus

Concrete prisms were made for the determination of the elastic modulus using mix
proportions given in table 4.18. These tests were only done with Matla fly ash.

4.5.8 Shrinkagetesting

o
Mortar mixes were made using Matla fly ash to the proportions given in table 4.12 for
'ihe preparation of shrinkage specimens, No tests were done on the Lethabo fly ash.

4.5.9 Creeptesting

Two series of tests were done at the University of the Witwatersrand to evaluate the
effect of fly ash on creep in both exposed and sealed specimens. Both series were
made using proportions detailed in table 4.19.
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4.5.10 Assessment of permeability

Permeability and the effect that the use of fly ash has on this property was assessed
using the mixes detailed in table 4.20 for Matla fly ash. Additional tests were done on
cores extracted from the lar~a blocks made with the Matla fly ash mix proportions in
table 4.17. The mixes from which water penetration specimens were made for lethabo
fly ash evaluation are detailed in table 4.9.

4.5.11 Abrasion resistance testing

Testing for thls property was done using a test method developed by the PCL The
large "site" cured blocks with Matla fly ash were the specimens tested, although cubes
made from the same mixes were also cured after standard laboratory curing. The mix
proportions used are those in table 4.17. In the case of the Lethabo fly ash mixes
these were proportioned to the details in table 4.9

4.5.12 Carbonation testing

The depth of carbonation was assessed on the large blocks made to the proportions
given in table 4. t 7. Additional tests were done on specimens made with Lethabo fly
ash to the mix proportions given in table 4.21.

4.5.13 Alkali reactivity testing

The effect that the use of Matla fly ash has on the expansion of mortar prisms due to
alkali reactivity was assessed using a rhyolite crusher sand in the standard mix
proportions for the test used.

4.5.14 Ternary blends

Mixes with three cementitious materials or ternary blends were assessed in mixes
made with Matla fly ash and slag from VanderBijl Park. The mix proportions used are
those given in table 4.22.

4.5.15 Effect on admixtures

A single series of mixes was made to evaluate the effect of both Matla and lethabo
fly ash on the efficiency of an admixture. The mix proportions used are given in table
4.23.

4.6 Summary

Details of all the mixes used in the tests described in later chapters of this work have
been set out at the end of this chapter. For convenience, some of these tables have
been repeated in the relevant chapter. For proportions which are not provided in the
di'fferent chapters reference should be made to chapter 4.
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T&bIo4.1

Pl;ysictol ptopetiies of cameoIitiou!I malefials uted in Iaboralo!y invesI~
Reeulls 01 slandar" SAIlS 1_.

~
Sample OPe. OPe '* lJfue Circfe OPeIlKPPC PC5F"A""ppe PCI5f"A"" PPC FC5F"A""PPc FCI5FAIIIC

..
MA1l.AFlyaah LETHAOO I.",;

IOUI'C8 Anglo-Alpha (mixed) (mixed) (ground) PPc(ground) Mh

Parameter

SpecifIC 28IlO ~i,'~JC 2910 soeo 3100 :.lO5O :lOIlO
S~rf_
(m21kg)

Slandard 2(1,25 26,25 25,50 2(,"1 n,7S 24,00 23,75
C9,-.ls1en<;y

(%) ,
lnilial 190 210 250 255 300 220 325

Set (min) -'
Fltlll 215 2bO 295 305 350 265 365

Set (",in) ,_
Rtllklue (%) on

45 micron 6,4 9.1

90 micron 1.2 1,6 2,0 2,6 2,4 1.5 1.0 1,5 0,6
... -

210 micron 0,0 0,0 0,2 0,1 0,2 0.1 0,0 _,_
L.Chal"llitir 0 1 1 2 2 j 1
fIX!>. (mm) '--

VMC oubee(t.IPll}
1 day 13.6 14.2 13,6 13.0 10.6 14.4 10.6

31lay 26,8 31.1 31,0 29,6 27,4 30,9 28.1

7 day 37,9 43.3 37,9 55,6 34.9 39.1 36,1 -
23 day 52,6 58,3 47,9 45,9 44,8 46,8 «.8...

AdInowIedgtmeni 10 TSI) 01 PPC 101' aM lhls inIormaIion
.'Icknowledg8lmllll1c. IlIuo CiRlie lImlted for~ jn/orm&lion 011 Lelhabo WHk l:JIII1 sample repr....ming Iypk«llelhab<> val_



Table 4.2

Chen'/;calcnar:;,;;:vil:;!!r.s of cemenliiious materials ~/sed in this investigalion
_,

ISample source OPCex OPC ex Blue OPCe:!, PPC PC5FAex PClb~A ex PC5FAt:lx PC15FAex MATLAFly LETHA80

1-----.
.Anglo-Alpha Circle PPC (mixed) PPO (mixed) PPC (ground) PPC (ground) a"h Fly ash-. _, ---

Paramet9f (%)

Si02 22,50 22,50 21,40 22,46 24,90 22,50 25,10 "18,20 03,2

1-_ AlPL__ 4,1~1 3,M ~I,90 4,98 7,06 4,81 6,60 28,30 32,4

!

Fe2°!l 3,00 3,40 :3,33 3,39 3,52 3,71 3,81 5,24 3,6~ -,
Mn203 0,14 0,22 0,93 0,90 0,89 0,91 0,82 (l,OB --
Ti02 0.:::4 0,46 0.43 0,47 0,60 0.46 0,59 1,70 1,95

I
CaO 64,30 63,85 62,50 60,40 55,60 60,50 55,60 14,40 4,98

,~

MgO 1,80 2,10 4,14 4,11 4,10 ,1,00 3,86 3,95 1,20,_
P20S - - - 0,06 0,22 0,06 0,20 1,70 0,60 -
S03 1,61 1,75 1,80 1,16 1,72 1,79 1,72 1,30 0,17

.

~o 0,47 0,16 0,65 0,64 0,59 0,68 0,70 0,78 0,55

Ns20 0,06 0,07 0,06 0,08 0,09 0,10 0,13 0,50 0,30

Eq,Na:!,O 0,37 0,18 0,49 0,50 0,48 0,55 0,59 1,01 0,66

LOI 1,90 1,90 0,74 0,'17 I 0,89 0,82 0,92 2,90 0,23

C3S (%). 53,i' 55,2 55,6 3~,8 32,S -
C2s ('Yo). 24,1 22,9 19,5 40,5 40,1

C3A (%). 6,0 3,6 4,7 7,5 6,5

C.AF {%) * 9,1 10,3 10,1 10,3 11,3 ..
• VALUES FROM BOGUE FORMULAE[251l1



Table 4.3

Physical and chemical properties of cements used in thl~
investigation into the influence of Lethabo fly ash

Cement source --
Property OPCA OPCS OPCC Lethabo

fly ash

Chemical (%)

SiO? 21,6 22,2 22,1 52,8._
L-A1,Q, 4,1 4,16 3,9 31,3

_ Fe:P3 2,0 2,81 2,8 3,22

I CaO 64,3 64,2 64,8 4,41

EMgO 4,3 2,41 1,8 1,2

K,lO 0,67 0,16 0,3 0,45

Na20 0,12 - 0,1 0,30
I .-

503 2,1 1,74 1,3 0,18

Mn203 1,1 0,22 - --
LOi - 1,44 1,2 0,39

I -
Free CaO 1,8 0,4 0,& -

Bogue!259]values (%)

C3S 61,1 55,8 61,9 -
C2S 15,9 21,6 16,8 -
CaA 7,5 6,3 5,6 -
C4AF 6,1 8,5 6,5 -

-- Physical

Surface area Blaine (m2/kg) 301 329 298 -
VMC strength (MPa)

1d 14,7 - 11,0 -
3d 25,2 2.8,7 26,5 ~._,_
7d 38,5 40,2 42,0 -
28d 51,9 59,3 -. -===
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Table 4.4

Physical characteristics of aggregates used in the
r Matla fly ash mixes

Sample 13,2 mm Kendal
description dolerite sand

Relative Density 3,00 2,65

Loose Bulk Density (kg/m3
) 1550 1510

Compacted Bulk Density (kg/m3
) 1760 1715

Sieve size (mm) Cumulative % passln;

19,000
1--

13,200 H)Q--f--<-
9,500 52 ' 100'_'--'-
6,700 5 99~
1,750 1

~

-
,~.360 1.

I 1,160 1 F~
I, _::.:'_~

Il
0,600 1 5" I

~

--
0,300 1 29

0,~50 1 -;4- _ ....-
0,075 0,5 7,9

Fineness Modulus 6,44 2,54
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Table 4.5

Physical characteristics of aggregates used in the
evaluation of the effect of Lethabo fly ash

Sample "River" sand 19-mm
description quartzite

Relative Density 2,60 2,69

Loose Bulk Density (kg/m3
) 1390 1480

Compacted Bulk Density (kg/m3) 1570 1570

Sieve size (mm) 0umulative % passing

26,500 100-
l~,OOO 91

13,200 36
9,500 8

6,700 3

4,750 100 2

2,360 87 1

1,180 61

0,600 35

0,300 20

0,150 11

0,075 6,5 0,7

Fineness Modulus 2,86
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Table Jr.6
Particle size distributions of Matla fly ash and Jupiter OPC

..
Sample description Matla fly as~_ Lethabo fly ash" Jupiter ope

Partic!e size (micron) Cumulative % passing

300,00 99,52

212,00 99,45

150,00 99,05

90,00 91,51

63,00 83,06

45,00 96,10 85 68,57-
42,21 87,60 62,19

29,85 79,98 73 53,61

21,10 67,10 4-3,47
_'

14,92 58,52 50 34,33

10,55 46,08 / 24,94

7,46 34,34 30 19,40

5,27 25,40 I 17 13,81--
3,73 17,87 9,14-- .
2.63 11,91 3 6,16

1,69 8,85 3,30

1,01 4,99 2,18

0,66 2,37 1,24

0,43 1,84 0,50

0,34 1,14 0,19

0,24 0,61 0,06

0,17 0,35 _.

Median size (microns) 12,5 13,5 27,4

Mean size (microns, 16,5 23,7 38,30-
(l
01

Note: The tests on the ope and the Matla fly ash were conducted on a Leeds and Northrop Small
Particle Analyser by th\. ,"echnical Services Division of ppe, The tests on the Lethabo fly ash
were performed on a Galai Laser Particle Size Analyser also by the Technical Services
Division of ppe

4.22
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Table 4.7
Mix proportions of concrete mixes (kg/m") using Matla fly ash

% c/w c/w c/w C/W
Fly Matsrlats 1,0 1,5 2,0 2,5
ash

Water 209 205 203 207
0 Cement 209 308 406 518

fly ash - - - -
Stone 1065 1090 1110 1129
Sand 979 884 789 675

I Water 206 201 199 203
5 Cement 196 286 378 482

Fly ash 10 ,5 20 25
Stone 1070 1095 1115 1125
Sand 982 892 797 684

Water 203 198 196 "i99
10 Cement 183 267 353 448

Fly ash 20 30 39 50
Stone 1075 1100 1120 1130
Sand 986 895 800 691
Water 200 194 193 194

15 Cement 170 247 328 412
Fly ash 30 44 58 73
Stor.e 1085 1110 1130 1140
Sand 985 898 800 701

Water 193 188 185 1&,~
30 Oerr ant 135 197 259 329

Fly ash 58 85 111 141
Stone 1110 1130 1150 1160
Sand 980 894 803 694
Water 186 179 176 179

50 Cement 93 134 1'76 224
Fly ash 93 134 176 224
Stone 1135 1160 1180 1100
Sand 973 890 798 688

Note: Fly ash ex Matla; Sand, grit ex Kendal;
Stone, dolerite ex Rooikraal

• Note: c/w above '"efers to total cementitious

4.23
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Table 4.8
Mix proportions used in mortar mixes (kg/m3) using Matla fly ash

Additional data from commercial work at PCI

% fly Cement cIw water cement fly Kendal
ash source ratio ash sand

PPC 1,90 290 551 - 1416
Slurry

0 BC 1,82 290 528 - 1436
Licht

A-A 1,82 295 537 - 1415
Ulco

PPC 2,00 279,5 47'S 84 1414
Slurry

15 BC 1,80 278 425 75 1470
Licht

A-A 1,80 284 435 77 1444
Ulco

PPC 2,13 266,5 397 170 1416
Slurry

30 Be 1,93 267 361 155 1464
Licht

A-A 1,93 280 378 162 1406
Ulco
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Table 4.9
Mix proportions(kg/m3

) used inthe assessment ofworkabilitywith Lethabo fly ash
using19-mm quartzitestone and "river"sand with3 differentOPCs.

o

Mate OPCA OPCS OPCC
rial
0% elW efW ClW C/W CfW C/W CIW C/W C/W
fa 1,7 1,9 2,1 1,7 1,9 2,1 1,7 1,9 2,1

water 205 204 205 204 203 204 209 209 212
OPC 349 388 431 347 386 428 355 397 445
fa - - ._ - - - - - -- .-

stone 1121 1121 1121 1121 1121 1121 1121 1121 1121
~and 695 665 6:27 699 669 631 679 644 597-
15 % e/W C/W C/'''' e/W elW cm CMI e/W C/W
fa 1,8 2,0 2,2 -4 1,8 2,0 2,2 1,8 2,0 2,2

water 200 200 200 196 193 195 205 200 202-
OPC 306 340 3"74 300 328 365 314 340 378
fa 54 60 66 53 58 64 55 60 67

stone 1121 1121 1121 1121 1121 1121 1121 1121 1121
sand 697 661 6:26 714 692 649 675 661 616
22,S e/W 1 CIW eIW c/W e/W CIW o/W C/W CMI
%fa 1,9 2,1 2,3 1,9 2,1 2,3 1,9 2,1 2,3
water 197 197 200 192 195 192 197 197 197
oPC 290 321 356 283 317 342 290 321 351
fa 84 93 104 82 92 99 84 93 102-

stone 1121 1121 1121 1121 1121 1121 11:~1 1121 1121
sand 684 648 598 706 657 636 684 648 612
30% CMI C/W CIW CIW C/W ef\N eM! C/W C/W
ta 2,0 2,2 2,4 2,0 2,2 2,4 2,0 2,2 2,4

water 195 195 195 194 190 187 190 188 188
ope 273 300 328 272 293 3'14 266 290 316
fa 117 129 140 116 l 125 135 114 124 135

stone 1121 1121 1121 1121 1121 1121 1121 1121 1121
sand 667 630 594 671 654 633 689 663 628

( .

.~

I
I•
I.~
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Table 4.10

.Quantities of materials used for paste mixes (gram)
for viscometer tests.

Material elw ope Fly ash Slag CSF Water

Pure cement 1,30 505,6 - - - 389,0
1,67 599,6 - - - 359,0

PC5 FA 1,30 477,8 25,1 - - 386,9
1,67 566,0 29,8 - - 356,8

PC 15 FA 1,30 423,0 74,6 - - 382,8
1,67 500,1 88,3 - - 352,3

PC 50 FA ',30 240,0 I 240,0 - - 369,2
1,67 281,9 281,9 - - 337,6

PC 50SL 1",.ill 250,9 - 250,9 - 385,9
1,67 297,0 - 297,0 - 355,7

PC 5 CSF 1,30 477,4 - - 25,1 386,5
1,67 565,4 - - 29,8 356,4

Fiyash 1,30 - 456,8 - - 351,4
1,67 - 532,2 - - 318,6

t Slag 1,30 - - 497,8 - 382,9
1,67 - - 588,6 - 352,5

Note: Fly ash used in these mixes was selected fly ash ex Matla. Various ordinary
portland csmsn's were used; details of the sources of all materials used are given in
table 5,3a, Mixes were identical for all ordinary portland cements used.

Table 4.11

o

Mix proportions (kg/m3) used to evaluate the differenue between setting times of
mortar samples screened from concrete or mortar mixes. (Matla classified 11yash

and PPC Jupiter ope)

Material OPC concrete OPC mortar PC 30 FA PC 30 FA
concrete mortar.-

water 205 205 189 189

OPC 390 390 251 251

fly ash - - 108 108

19-mm 1100 - 1145 -
quartzite

Kendal sand 694 i= 694 688 688
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Table 4.12
Mortar mix proportions for preparation of specimens for setting

time determinations (PPC Jupiter ope. MatIa selected fly ash}(kg/m1

o

% fly Materials c/w C/W C/w C/W
ash 1.0 1,5 2,0 2,5

Water 310 305 308 32C
ope 310 458 616 800

0 fly ash 0 o I 0 0
I( sand 1567 1455 1314 1127
\

Water 305 302 303 314

ope 290 430 576 746

5 fly ash 15 23 30 39
sand 1581 1462 1328 1146

Water 301 298 299 308
ope 271 ' 4(}2 538 693

10 fly ash 30 45 60 77

sand 15Ql 1472 1338 1164 <l--
Water 296 293 2% . 302

ope 252 374 500 642

15 fly ash 44 66 88 113
sand 1604 1485 1352 1183

Water 291 286 285 2%

ope 204 300 399 518
30 fly ash 87 129 r 171 222

sand 1611 1497 1369 1184
Water 284 276 275 286

ope 142 207 275 358
50 fly ash 142 207 275 358

581.1 1621 1515 1386 1196
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labkl4.14

M.:lrtar mix proportions (kglm1 fel $etting time determinations using
Lethabo I'tv ash---

MIX E
,

A 8 C 0 F G a
Ck!MENT A A A A A A A A

TYPE OPC PC15FA PC22.5FA PC30FA PC15FA PC22.5FA PC30FA OPC

DESIGN EQ28 EQ28 EQ28 DR DR DR~,

C:W A.~1·IO ~J!f!i 1.87 1,99 2.1 1,75 1,75 1,75 'i,9.,

WATER 289 .;'84 278 269 286 245 269 283
CONTENT

CEMENT 505 532 554 565 500 429 471 538
CON'rENT i

SAND 1432 1399 1383 ~385 1423 1579 1470 1419
CONTENT

SWMP {mm} 70 80 90 80 70 70 65 70

_. --,-
I MIX H I J K L M N P

CEMENT e 8 B B B B B B

I TYPE opo PC151=A PC22.5FA PC30FA PC15FA PC22.5FA PC30FA ope

DESIGN EO 28 EO 28 EO 28 DR DR DR
_ .

, C:WRATiO 1.67 ;,82 1,93 2,06 1,67 1.67 1,67 1,9

WATER 287 :U5 274 280 271 2i6 272 267
CONTENT

CEMENT 479 501 529 576 ·~62 ! 461 455 508
CONTENT

SAND 1457 14W 1416 1347 1479 1472 1477 1485
CONTENT

SLUMP (mm) 60 55 55 65 60 70 65 70

MIX R S T , V W X Q-
CEMENT C C C C C C o C

TYPE OPC PC15FA PC22.5FA PC."'OFA PC15FA PC22.5FA PC30FA OPC

DESIGN EO 28 E02S EQ28 DR DR DR

C:WRATIO 1.7 1,sa 2,04 2,21 1,7 1.7 1,7 1,9

WATER 285 281 265 274 290 285 281 297
CONTENT

CEMENT 485 529 541 606 493 484 4i ;l 56S
CONTENT

SAND 1457 1409 1429 1334 141'- 1428 1434 1360
CONTENT

SLUMP {mIT" 40 70 50 70 60 75 75 50- ----
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Table 4.15
Mix proportions for OPC and PCZ!OF A mixes per m3 of concrete
used in test method trials for adiabatic calorimeter (MatIa fly ash)

Material Mix No. Mix No.
A B.

ope (kg) 308 197
Fly ash (kg) - 85
Sand (kg) 884 894
Stone (kg) 1090 1l3~_
Water (I) 205 188
c/w ratio 1,5 1,5 I

f/(c+f) (%) 0.0 30,1
Starting
temperature (0C) 23,S 24,0

T&bJe 4.16

Mix proportions forope and PC30F A mixes per m3 of concrete
used for measurement of adiabatic heat of hydration (Marla fly ash)

,,
t
V;0
I j
\,-"

Material Mix No. Mix No. Mix No.
1 2 3- ,-

ope (kg) 308 220 226

Fly ash (kg) - 94 97~-.."..-
Sane! (kg) 885 865 963-
Stolle (kg) 1090 1136 1000
f--- _____ ---
Water tI) 205 185 190 ,f--_.

c/w ratio 1.5 1,7 1,7
f/(c+f) (%) 0,0 29,9 30,0

Starting
temperature {0C) 25.9 23,0 27,1

Note: Materials used in the manufacture of these concretes are as rollows:

ope ex PPC Jupiter,
fly ash ex Matla,
1~endal sand.
13.2 mm dolerit' Slone.
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1~ )4.17
Mix ,Jroportions for concrete used in laroe blocks for evaiuation of curing effects

with extenders (quantities in kg/m3
)

ope PCi5FA PC30FA PC50SL
Material mix mix mix mix

Cement 350 296 250 175-
Fly ash - 54 111 -
Slag ~\~ .. - - - 175
Granite 422 422 413 419
Crusher
sand

Kendal 422 42~ 413 419
sand

19 mm 1050 1063 1072 1050
Granite
Stone

Water 210 201 194 208
CIW 1,67 1,77 1,88 1,77
ratio _ ....

Slump 150 160 140 150
(rnm)
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Table4.18
Mix proportions of concrete mixes (kg/m3

)

for elastic modulus tests (Mafia fly ash)

Materials % c/w c/w c/w c/w % c/w elw elw cIw
Fly 1,0 1,5 2,0 2,5 Fly 1,0 1,5 2,0 2,5
ash ash

Water 209 205 203 207 200 194 193 194
Cement 209 308 406 518 170 247 328 I 412
Fly ash 0 ... - - - 15 30 44 sa 73
Stone 1065 1090 1110 112 1085 1110 1130 1140

0
Sand 979 884 789 675 985 898 800 701
1--'
Water 206 201 199 203 193 188 185 188
Cement 196 t 286 378 4,182 135 197 259 329

i----"! .il,_

FI~'ash 5 10 15 20 25 30 58 85 111 141
stone 1070 1095 1115 '112 1110 1130 1150 1160
_, .:2
S;and 982 892 797 1684 980 894 \ 803 694_"
"'later 203 198 196 199 186 179 176 179

T

Cement 183 267 353 :448 93 134 176 224
Fly ash 10 20 30 39 50 50 93 134 176 224

'--- ---
Stone 1075 1100 1120 ,,3 1135 1160 1180 1190

.2-
Sand 986 895 800 69~ 973 890 798 688
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Table 4.19

Concrete mix proportions used in creep specimens (kg/m3) (Matla fly ash)

.
Mix Cement Stone Fly c/w Water ope Fly 13mm 19mm Sand
No. source size ash ratio (I) (kg) ash stone stone (kg)

- ..... ,,'.. (mm) (%) (kg) (kl~) (kg)

1 ppe 13,2 0 1.5 205 30B 0 1090 0 884
Jup I2 ppe 19 0 1.5 195 294 0 236 944 84:l~
J'Jp.

3 '. Be 13,2 0 1,3 207 269 0 1080 0 9~!1
Licht ..-

4 ppe 13,2 15 1.6 197 268 47 1100 0 li~78
Jup ,,_ 1-'-

I,

5 BC, 13.2 rs 1,4 198 236 42 1090 0 M8
Uclt1 --

6 pPO'.\ 13,2 30 1,7 189 225 96 1115 0 9t7
Jup 0. ,-

II
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Table 4.20

Mix proportions for concrete mixes used for DIN water
penetration tests. PPC Jupiter OPO and Matra fly ash used.

Quantities given in kg1m3
•

I--
OPC mixes

cementwater ratio
Materials

1,40 1,60 1,80 2,00-
water 212 210 208 210

I--'
OPC 297 336 375 420

fiyash - - - -
13,2-mm stone 970 980 990 1000

granite sand 982 945 908 1356

PC 15 FA mixes

cernentwater ratio
Materials

1,49 1,70 1,90 2,11

water 2M: 201 199 200

OPC 258 290 321 359._

fly ash 46 51 57 63

13,2-mm stone 981 993 1005 1017

granite sand 973 93B MO 848- -
PC 30 FA mixes

I
cement/water ratio

Materials ,_.'." '__'

J1,58 1,81 2,04 , 2,26

water 197 194- 192 193

OPC 218 246 274 305-
fly ash 93 105 118 131-

13,2-mm stone 993 1007 1020 1035
,·-t

granite sand 962 920 i 876 819
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Table 4.21

Mix propor.ioO$ (kglm1 for mixes for
carbonation investigation

~ ~<a~

Mix details o=c Mix1 I P030FA Mix 2
(kglm3) (kglm1

1,7 1,95

ope (PPC Jup) 340 259I---r,...___
FA (Lathabo) - 111

19 mm granite 971 971

Crusher sand 874 843-
Water 200 190

Slump (mm) 85 110

Table 4.22
Mix proportions (in kg/m3

) used to evaluate the effect of using a
ternary blend of ope, slag and fly ash on compressive strength

development of concrete.

o

Material Units Mix no, Mix no. Mix no. Mi;{ no.. Mix no.
1 2 3 4 5

f-

c/w ratio 1,7 1,8 1,8 1,9 1,9
Cement (kg) 366 194 161 i36 273
Slag (kg) - 194 161 136 -
Fly ash (kg) - - 57 117 117--
Sand (kg) 765 733 740 729 739
I---

Silane (kg) 1007 1007 1007 1007 1007~
W~ter (I) 215 215 210 205 205
1OO>~s/c+s+f (%) o 50 43 35 0

1--

100xf/c+s+f (%) 0 0 15 30 30.

Slump (mm) 55 60 60 65 70
'I~

-k..
Note: Matla fly ash and slag ex Siagment VanderBijl Park ware used together with PPC
Jupiter ope.
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Note:

Table 4.23

Mix prO~')I.lrtlons (in kglm~ used to lWaluate the influence
of twtl sources of fly ash on the effectiveness of an

admixture r~ardjng the compresWe strength development of concrete

Material Mil( Mix Mix Mix J Mix Mix
No.1 No.2 No.3 No.4 < N.Q.5 No.6~i"""''''''_'''''''

(c+f)1w 1,70 1,70 1,85 .. )'.:i'~ ~ ~,95 1,85,:.~··t·_
CGITlent 374.0 349,0 259,0 af.:":,5 • .259,0 252,5

-,,.,,-.;."1"-"

Fly ash M - - 111,0 1082 i - -. '",'"

Flyasht. - - - - 111,0 108,2

Sand 744,9 806,0 740,7 762,5 740,7 762,5

Stone 1007,4 1007,4 1036,6 1036,6 1036,6 1036,6

Waler 220,0 205,0 200,0 195,0 200.0 1!?5,O

Adll";""'· ...(! 'r - 1047,0 - 1082,; - 1082.1- ".
100)(1, 0,0 0.0 30,0 30,0 30,0 30.0

Slump (mm) 65 65 60 65 SO 10

Fly ash M sourced from Matia; L wa: sourced from Lethabo.
MeC Mulliflow G06N admixture dosed al300 mb'100 kg cementitious material content of mix.

4.36
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CHAPTER 5

5. PLASTIC PROPERTIES: RHEOLOGY, SETTING TiME, BLEEDING

5.1 Introduction

The characteristics of concrete or mortar in the plastic or mouldable state are very
important for the placing and compaction of the material on site. This is one of the
places where the element of experience is relied on in producing the final product and
changes in the behaviour of the material may result in the need for some modlflcaflor,
of work practices. Frequently, as a result of the relatively poor training that many
workers receive and the fact that the problems are probably initially ascribed to worker
errors, these modifications may only be made after the occurrence of one or more
"failures" of the material. There is a perceived need for a better understanding of these
plastic properties and tile influence that fly ash might have.

The following paragraphs should help to throw some light on the effects that South
African fly ash has on the plastic properties of concrete or mortar.

5.2 Rheology

As stated before in chapter 3 rheology is the science of the ow of materials,'?"

In this study work has been done on two methods of assessing this characteristic,
namely the measurement of workability Llsing the rather crude but widely used slump
test, and the measure of fluid viscosity by means of a coaxial cylinders viscometer.

,1

/
I

5.2.1 Workabmtt sssessment by slump test

The improvement of the level of workability in a concrete mix, as shown by the change
in the values recorded by the slump test, is noted (see paragraph 3.3.1) as being one
of the major indicators ot fly ash quality and suitability for use ln concrete. As
mentioned before the slump test is a rather crude and insensitive test, When fly ash
is used in a mix the slump value is often found to have increased relative to the slump
of the mix without the ash. However there are other, more subtle, changes in the
degree of compactibility and placeability of a I'Plx that the slump test does not reveal;
these changes can be observed, when a fly ash mix is placed and compacted, in the
ease of compaction, but they are not easy to measure. These other changes do
contribute to the quality of the finish but again the changes tend to be subjective due
to a lack of suitable methods of measurement.

5.2.1.1 Matis fly ash; effect on workabiiity

\
Table 5.1a gives the concrete mix proportions )"Jed in this test programme. The mixes
given in this table are all intended to give the same slump o: 75 mm, In th~ mixes
mads in the laboratory however the actual slump rscor.ied was not always as
intended. Table 5.1b gives the slump recorded in the laboratory work. Note that, in



accordance with normal PCI prac ce using skilled personnel under supervision, only
one slump measurement was made per test.

The water reduction has been determined as the change in the amount of water
required for a similar slump from the fly ash mixes when compared against the water
content of the control ordinary portland cement mix. The slump values of table 5.10
therefore needed to be "corrected" to the same level; this level was selected as 75mm
slump. This was done by taking slump values between 60 mm and 90 mm as being
75 mm slump. Slumps from 45 mm to 60 mm were adjusted up by 5 lltres/m" and
between 30 mm and 45 mm by 10 lltres/m",

This adjustment is based on the rule of thumb found by experience at PCI that an
increase of 10 litres/m' will generally double the slump of concrete.

The differences botween the water contents of the control mixes and the various fly
ash mixes are given in table 5.1c in litres per cubic meter of concrete. Much of the
published information on the extent of the water reduction achieved on using fly ash
expresses the water reduction in percentage; as the materials used in this study
represent only a small proportion of the full spectrum available it is felt that it would be
inappropriate to use percentages as the results obtained cannot be claimed to cover
the full range of water demands. Nevertheless some indication will be given of the
order of magnitude of the percentage water reduction in later paragraphs.

Data obtained from commercial studies done in the laboratories of the Portland
Cement Institute have been included to ~!ive a wider scope of materials. These
additional data are given in table 5.1d.

The data from table 5.1c is presented graphically in figures 5.1a to 5.1c for the cement
from Blue Circle Limited, Anglo-Alpha Limited and PPC Limited respectively. The
curves shown on these graphs are best fit straight lines. Figure 5.1d gives curves
taking all the data from both tables 5.1c and 5.1d into account and provides a best fit
line for all combinations.

There are differsnces between the best fit straight lines for the different cement/water
ratios of the mixes tested and the different cements used in this work as can be seen
in figures 5.1a, 5.1band 5.1c. However therp does not seem to be a definite trend of
water reduction against a change in cement water ratlo, as the position and slope of
the different cementiwater ratio lines is different for the cements from different sources.
It is possible that the relatively poor accuracy of the slump test is partially responsible
for the lack of a definite trend here.

From a linear regression calculation for a on all the data given in tables 5.1c and 5.1d
",,/ it would appear that the water reduction that can be expected will be of the order of:

Water reduction (11m3
) = 0,55 }~fly ash content(%}

Bearing in mind the previously expressed reservation about percentage reduction in
water this equation could also be expressed as:
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Water reduction (%) z 0,27 x fly ash content (%) "

Figure S.la
Water Reduction YS FA content

Blue Circle cement
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/1
For this particular set of combinations of materials and conditions the correlation
coefficient for the linear regression for the water reduction against fly ash content is
0.89. Other correlations (power, logarithmic and ex;:>onential)were evaluated but the
iinear regress!~n proved to give the best fit. This straight line is shown as the best fit
line on figure 5.1d.

50

This will however only serve as a first approximation as it can be seen from figure
5.ld that there are differences in the water reductions that occur on using Matla fly
ash ,..lith the cements from different sources.

In these results it can be seen that the best reductions are offered by the interground
or blended cements produced by PPC for this test programme. Both of these cements
gave the same values for water reduction in each case and the lines are therefore
identical. Next best is the cement from PPC with those from Anglo-Alpha and Blue
Circle giving rather lower but similar water reductions.

There is no obvious link between the original "water demand" of the cement used and
the magnitude of the water reduction as can be seen from the slump values in table
5.1b, where it is evlden that the PPC cement generally has a higher "water demand"
than the Blue Circle cement, but lower than the Anglo-·Alpha cement.

This is likely to mean that unless the technologist who is designing the fly ash mix
knows what pameular combination of cement and fly ash is to be used he will be
required to do a tr;"; mix to evaluate the actual water reduction that occurs,

Figure 5,tc
Water Reduction YS FA content

Pretofl~ Portland Cement cement
Wafer :eduClion (llcub rn)

1 5

10

o-=------~----,--~------~-------~------~o 10 20 30
Fly ash c e atent !%)
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Figure S.1d
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lethabo fly ash; effect on workability

5D

Similar studies were subsequently done when Lethabo class-ified ash became available
for testing purposes. Tables 5.1e and 5.11give the results of water content tests done
with samples of ordinary portland cement from 3 sources identified as A, Band C as
the client for whom the commercial work was done preferred the information regarding
the sources to remain confidential. A linear regression analysis done with tho data
from table 5.1f gives a slightly different coefficient for the slope of the water reduction
line. In this case the water reduction can be expressed as follows:

Water recucno-i (11m3
) ::. 0,59 x fly ash content(%)

This indicates that the Lethabo fly ash has marginally superior water reducit J
propertles to those of the Matla fly ash. However, far fewer data are available for this
regression calculation than was the case with Matla fly ash; lor this reason no graphs
have been drawn for these data. The reliability of this constant is therefore not as good
as that for the Matla fly ash even though the correlation coefficient is better at 0,95. It
is therefore safer to assun.e the same value of 0.55 until further data confirms that the
Lethabo fly ash is in fact a more effactive water reducing material than is the case with
Matla fly ash.
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These data also indicate some differences between the magnitude of th wat~
reduction that occurs with dlHerent cements. In this case thE1biggest reduclfton was
found with the ordinary portland cameo! C which also had the highel~ water
requirement on its own. cern"ent Bwas th~"cement with the next most Significa.~,r~lteffect
and cement A was the cement feast affected. This is in contrast to the effe~ .noted
with the Matla fly ash where the cement slrnllar to cement A was that most ffected.
It would therefore seem that a lot more data will be required to provide/ a better
understal~ding of the water reduction Interaction between ordinary portland cement and
fly ash. if

I
5.2.1.3 Effect of grading J>
Theissing[37]argued that the sHect that the fly ash addition has on the shi~e of the
overall grading Ch ye of the.concrete influences the magnitude of the water/reduction
that occurs. This factor has been taken into oonslceranon with the fact tl~at all the
materials used in the tests which providec' the additional data in table 5.1Q~~erevery
different to those m the initial investigation. The use of these different matE,. rials does
not appear to have made a significant difference to the water reductions a served in
this case. ·1 '

il
The effect that the introductlo-. uf fly ash had on the overall grading of the ~~oncreteis
shown in fiyure 5.1e. This graph shows the effect of Lisillg 30 % fly ash in a:rnix having
a cementitious/water latio of 2,0 when compared against an ordlnarv portl9rd cement
m .of the same cementiwater ratio. It can be see." that there appears ~\) be little
difference in the shape of the curves even when plotted, as this graph is, Oi~a log-log
scale to emphasise differences. It is diffic1.Jltto reconcile the 18 Iitreh{m3 water
reduction achieved with the introduction of the fly ash with the insignificaP.'~'.'r:hafitieS in
the shape of the overall grading curve. While this grapl1 probably does rot entirely
disprove Theissing's contentloi, that the water reduction is lnfluencs d by the
improvement in the overall grading it is likely that other factors piay a (p~r[?ps more
significant} role too. I
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TI'LJ obviously better particle shape of the fly ash (see figures 4.4 to 4.8) must
contribute considerably to improved mobility, while the dispersive effect referred to by
Dhir et al[411,Helmuth'" and Roy[86]would tend to free water which would otherwise be
caught up in the flocs of cement, thereby adding to the fluidity of the mix. Swamy[,-'601on
the other hand discounted the physical effects of the fly ash and stated that the water
reduction resulting from the use of fly ash came about purely as result of the
dispersive effect. The view that the dispersive effect is Significant is supported by
evidence provided in later paragraphs of this thesis.

5.2.1.4

Figure S.1e
Grading curves of ope and pc30fa mixes

In conclusion the folltr~ing statements can be made:

• The inclusion of Matla or Lethabo fly ash in a cementitious mix improves the
flow characteristics ot the mix when compared with a similar mix without the fly
ash.

Summary

• This effect can be expressed as the volume of water that cal) be removed from
the mix while still giving the same slump, i.e. the water reduction.

• The magnitude of the water reduction depends on the source of the ordinary
portland cement used, some sources allowing more improvement than others.
MOi9 data is required for a better understanding of the interaction between
cement and fly ash.
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• There is no apparent link between the "water demand" of the cement and the
magnitude of the water reduction that occurs v.ith the use of fly ash.

• Introduction of fly ash makes only an ir,signita..a, I~ ~iffxence to the overall
concrete grading, and the fly ash particle s-hfi: ~ fl" i i1' csperstve effect are
probably more significant mechanisms in the 'he'~r I .;IrliJ~' :m process.

• A first approximation for the magnitude of the watf" reduction which will occur
on using Matla fly ash is:

Water reduction (11m3
) = 0,55 x fly ash content (c.:/o)

In the case of Lethabo fly ash the available data suggests that this fly ash is a
slightly more effective water reducer giving a constant in the above formula of
0,59.

5.2.1.5 Comparison of these findings with other work

The magnitude of the change in water demand of concrete mixes measured in this
work is greater than that reported by Ravina and Mehta[79]who found only 15 to 20
litres/rn" water reduction for a 75 % fly ash content by mass. It is also graater than that
noted by ENCI[1341with a maximum of 11 lltres/rn' in the case of their 25 % fly ash
blend cement.

This would probably lead to the conclusion that the water reducing ability of Matla fly
ash is better than those tested in the two references above; as these fly ashes have
not been tested under identical conditlons this statement could be challenged. Suffice
it to say that it appears that the water reducing ability of Matla or Lethabo fly ash is
at least as good as other ashes tested elsewhere.

Butler[S11stated that 1110stfly as ',es will reduce the water demand of concrete but that
the cement used plays a significant role. The findings of this study agree with this
statement. There is howsver i.o support in these findings for his contention that the
greatest water reductions occur in the case of the cements with the highElst water
demand. It would therefore appear that there is 6\ greater number of factors that play
a role in the mechanism of water reduction than Butler realized.

5.2.2 Viscosity measurement

Early South African work on the use of ggbs by Fulton[2S9]used viscosity tests on
pastes of ordinary portland cement with and without mgbs (convention now dictates
that the product is called ggbs) to try to explain the effect of the extender on the
workability 0" concrete made using ggbs. Similar work Wt~S done in ~his study to
evaluate the effect of fly ash on the viscosity of cernentltlous pastes to see if the
additional information would help to explain the effect that the fly ash has on the
workability and placeability of concrete. The information gathered in this study was
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presented in a paper to an international conference on fly ash in 198i27ol,but is given
in more detail in paragraphs below.

As mentioned in 3.3.1.2 Atzeni et al!93)reported on the importance of the experimental
conditions when carrying out viscosity testing with coaxial cylinders viscometers and
noted that variations in conditions had sometimes lead to discrepancies in the results
obtained. This factor was considered when assembling the apparatus for viscosity
testing of the materials used in this study.

Odler et al[1°OJgave the shape of four basic types of flow curves as shown below. The
shape of the curves obtained in this study indicate that the behaviour is either
pseudoplastic, to judge from the upward shape of the curve, or Blnghamian, as the
curve, if it were projected back to the horizontal axis, might not go through the orig!n.
Figure 5.2a below shows the different types of flow (from Odler[1°OJ).

Figure 5.20
BASIC rrrts OF FLOW CURVES
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Many authors[96,GG.100.101,102,103,104]have reported that cement pastes exhibit the Bingham
type of flow pattern; this is probably true for this study too.

Figure 5.2b, also derived from Odler/1OOlshows the two basic modes of reversibility of
the flow curves, namely thixotropic and antithixotropic.

Shear stress (kPa)
I DerIved from ref. 100 Ocler ~
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5.2.2.1

Figure S.2h
Reversibility of flow curves

Shear speed (lis]

Viscous be~aviour
-- Thixolropic
..+. An II' h IXO Irop ie

:. e ar stress I~Pal
Deriyed from Re I. 100 Odler e t al.
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Apparatus used in this work

The apparatus used in this work was that available from the Civil
Engineering Department at the University of the Witwatersrand. The apparatus used
was as follows:

• A Klaxon mixer with a mixing speed of 6000-9000 rpm.

• A Faranti VL portable coaxial cylinders viscometer using cylinders with
diameters of 47,6 mm (outer) and 42,9 mm (inner). This viscometer has a range
of rotational speeds of 109,7 to 327,7 (s-').

5.2.2.2 Method of test

Initial tests were done .0 evaluate the difference between hand mixing with a spatula,
and machine mixing using the above equipment. The hand mix1ng cycle was 30
seconds of mixing, a 30 second period of rest followed by a further 270 seconds of
mixing. This mixing cycle produced thixotropic behaviour (typical hand mixed paste
viscosity curve shown in figure 5.2c) with highly variable results,

The machine mixing cycle described in the following paragraphs gave shear stress
values of about 50 % of those produced from the hand mixing cycle on the up curve
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and ants-thlxotroplc behaviour l.e. the down curve was to the right of the up curve as
shown in figure 5.2d which shows a typical curve for a machine mixed paste.

Figure 5.2c
Viscosity curve for hand mixing

Figure 5.2d shows a typical curve for a machine mixed paste. The readings obtained
from the machine mixed pastes showed far better repeatability than (;,e hand mixed
pastes.

I...,.----,..-----r--,--,··- --r----r----,---,

~~_ I
..........

The machine mixing cycle was subsequently chosen on the bash~ of the better
repeatability of this method. A further reason for selecting macnine mixing in
prefference to hand mixing was that it was believed that the amount of shear imparted
to the paste with machine mixing approached that to which the paste in a concrete mix
would be exposed in a concrete mixer more closely than did hand mixing.

"'0
ID
ID
~ +---~--~----~~-+-~~----+----+.--~

j -t---t-----:;;.Ir----t""7""-t-- ~H

It was believed that the machine mixing cycle was therefore rn'""e likely to produce the
sort of behaviour that the paste in a concrete mix might exhibit.

The method used for the tests described in subsequent paragraphs was largely
developed on the equipment available in the PCI laboratories.

All materials were initially conditioned to a temperature of 22 to 25 degrees Celsius
and quantities were weighed out on a Sartorius balance to the nearest 0,1 gram.

Shear stress (Pa)
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The quantity of paste produced in each case was 550 ml as this ensured that the
cylinders of the viscometer were always immersed to the same depth. First the desired
quantity of water was measured into the bowl of the high speed mixer.

Figure S.2d
Viscosity curve for mcchlne mixing

Shear stress (Pa)

The desired quantity of cementitious materials was added and mixed by hand for 15
r .conds using a spatula. The bowl was then attached to the mixer and the paste was
mixed in the Klaxon mixer for 3 minutes. A temperature reading was taken just before
the end o~the mixing cycle.

The bl)wl was then immediately placed under the viscometer, immersing the cylinders
to the set depth, and the test was started. The viscometer was started at its lowest
speed and a viscosity reading was taken as soon as it stabilized. The speed was then
increased to the next step and the process repeated until the maximum speed we.if-
reached. The viscometer was left running at the maximum speed for 3 minutes and
then a second reading was taken. The speed was then reduced in steps, reversing the
earlier process.

Each mix was repeated in its entirety at least once to confirm the results obtained.

The mix proportions used were at fixed cement/water ratios irrespective of whether fly
ash or other extenders were used or not. The original intention was to use C/W ratios
of 1,3, 1,67, and 2,0. This range was found to be 100 wide for the apparatus used as
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tile viscosity of the high C/W ratio was too high to be measured, and the c/\"1 ratio had
to be limited to values of 1,3 and 1,67.

Tests were also done with cement/water ratio 1,67 to assess the change in viscosity
wit' time for different binder combinations.

5.2.2.3 Tests done and matertats used

When testing with fly ash, proportions of 15 and 50 % were used. Fly ash was used
from two different sources for this testing as it was believed that this would provide
additional information to look at the difference between a "good" and a "poor" ash. The
Matla fly ash previously detailed in tables 4.1 and 4.2 was used in comparative tests
against a sample of fly ash obtained from the Duvha power station.

Tests were done with each of the ordinal y portland cements or the blended or
interground cements detailed in tables 4.1 and 4.2. To provide further perspective
similar tests were done using a sample of millej granulated blastfurnace slag from the
Pretoria works of Siagment Pty. Ltd. and a sample of condensed silica fume from
Messrs. Silicon Smelters in Pietersburg. No viscosity testing was done with the
Lethabo fly ash.

Table 5.2 gives the details of the quantities of material used to produce the paste
mixes tested in the viscometer. The source of the materials and the mix coding is given
ir, table 5.3.

5.2.2.4 Discussion of test results

Tables 5.4a to 5.4e give the results of tl -' viscosity tests done on mixes no 1 to 21.

The results of the viscosity tests on the three samples of ordinary portland cement are
shown in figures 5.3a and 5.3b.

The following can be seen from these figures:

• The apparatus used was no';capehIe of operating at orbital speeds of less than
109,7(l/s). It is therefore not possible to determine the shape of the viscosity
curve below this speed.

• The type of behaviour exhibited by all the cements is antithixotropic at a
cement/water ratio of 1,67. The trend is not so evident at the cement/water ratio
of 1,3 although the Blue Circle cement still shows this tendency. In both cases
the Blue Circle cement is more viscous than the other two cements, and it is
these cements that disp!ay a rattler poorly defined behaviour at cementiWater
ratio of 1,3.
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.. It is evident that the vlscc . f)f all the cements increases with increased
cement/water ratio, and ,tendency to antithixotropic behaviour is
accentuated with the lncrease in cementiwater ratio.

.. There is no apparent link between the "water demand" of the cement shown in
table 5.1b and the viscous behaviour ot the different cements shown in figures
5.3a and 5.3b. In the case of the water demand of the concrete mixes the
ranking was Anglo-Alpha, PPC and Blue Cirde in order of decreasing water
demand. In the viscosity tests the order of the results at both cernentwater
ratios appears to be decreasing from Blue Circle to Anglo-Alpha to PPC.

The order of magnitude of difference in shear stress values shown between the
cements from different sources must be remembered when considering the
impact that fly ash has on the viscous behaviour of blended pastes.

Ths order of magnitude of the shear stress values found in these tests is
roughly double the magnitude reported in similar tests by Odier et al,£100]whil~:J
being lower by about half of the values reported by RudzinskL[99]As bot.h
authors used similar methods of mechanical mixing for their pastes it is difficult
to explain the differences other than by the fact that the results of several of
Odler's initial runs during his testing were discarded as being too erratic. It
therefore appears that his paste was allowed \0 undergo some relaxation before
the test was carried out.

Figure S.4a
Viscous behaviour of Blue Circle OPC
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Figures 5.4a and 5.4b show how the incorporation of M~t!a fly ash influences the
viscous behaviour of the Blue Circle cement pastes. It is clear that at both
cement/water ratios the use of fly ash tends to reduce the shear stress values at any
shear speed, with the shear stress decreasing further as the fly ash content increases.
At cement water/ratio 1,3 there is a reduction in the shear stress values relative to the
ordinary portland cement curve; at cementiwater ratio 1,67 the peak values decrease
although the "up" :ines of 211the curves coincide. The magnitude of the change in
viscosity caused by the incorporation of the fly ash in the paste mix is smaller than the
differences between the curves of Blue Circle cement and the other two cement
sources.

Figure S.4b
VISCOUS behaviour of Blue Circle OPC

Cement/water ratio = 1.67
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Figures 5.5a and 5.5b show how the incorporation of Matla fly ash lnfluences the
viscous behaviour of the Anglo-Alpha cement pastes. A similar trend can be seen in
this case to that which occurred with the Blue Circle cement although the changer are
less well defined, particularly at cement/water ratio 1,3. In this case, the antithixotropic
behaviour of the pure cement was less obvious. Again reductions in shear stress are
apparent, with the size of the change again smaller than the difference in results for
the different cements.

250
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Figure 5.5a
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Figure 5.6a
Viscous behaviour of PPC ope
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Figures 5.6a and 5.6b show how the incorporation of Matla fly ash influences the
viscous behaviour of '(heppe cement pastes. The effect that the fly ash has is again
similar to the previous two cements except that the cemenVwater ratlc 1,67 the-effect
is less marked.

1.5 2 2.5 3.5

Figures 5.7a and 5.7b show what happens with factory blending or intergrinding of
PC 15 FA cements. in this case the tiy ash seems to have the effect of sHghtly
increasinq the shear stress of the pastes with this trend being more evident in the case
of ths interground product, In each case the effect that the fly ash has is smaller than
the differences between cements. In concrete there was little noticeable difference in
the level of wcrkability of mixes made with these cements as measured with the slump
test.

Shear stress (Pa)
With and WIthout fly ash

Figures 5.8a and 5.8b show the impact of using Duvha fly ash compared with the fly
ash from Matla. The Duvha fly ash seems to have a far greater influence on the
viscosity of the paste than the Matla ash. In this case the effect of the Duvha ash is
to greatly increase the shear stress at any shear speed. The increase at cemenVwater
ratio 1,67 was so dramatic that the viscosity of the 50 % Duvha mix exceeded the
maximum range of the viscometer used. When this ash is used in concrete it results
in a much smaller decrease in the water demand of the concrete relative to the control
ordinary portland cement concrete than that produced by the Matla ash. The order of
water demand decrease measured using the same materials as for all the other work
in this study was 4 lltres/rn" compared with the 10 lltres/m" for the Matla ash when
used at the level of i5 % replacement.
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Figure 5.6b
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Looking at the photomicrographs of Duvha fly ash in figure 4.5 it is obvious that the
Duvha ash contains far more non-spherical debris particles which must detract from
the overall sphericity of this ash. The poorer shape of this ash is a. possible cause of
the fact that it is not as effective a water reducer as the Matla tly ash in either the
concrete slump tests or the paste viscosity tests.

Rudz'n!:.;~il99Jshowed that the viscosity of a. cement paste increased as the fly ash
content was increased. It is possible that the quality 0'( the fly ash used in his study
was similar in terms of the degree of sphericity to that of the Duvha ash. A further
possible contributory cause of the increase in viscosity on adding the fly ash is the fact
that the Varna fly ash he used had a high loss on ignition. Rudzinski's curves only
show a'1tithixotropic behaviour at a fly ash content of greater than 40 %while this type
of behaviour is evident without fly ash in the tests of this study.

Figure 5.7b
Viscous behaviour of PPC Blends

Cemenuwater rauo . 1.67

-------------------------------~
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Figure S.8a
Viscous behaviour of Duvha blends
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5.2.2.5 Viscosity tests with other cementitious materials

Figures 5.9a and 5.9b show the viscosity curves for other cementitious materials. The
mix made with pure slag differs only slightly from the curve for the ordinary portland
cement, while when the same slag is mixed 50/50 with the ordinary portland cement
the mix becomes more viscous. Matla ash, as shown in figures 5.6a and 5.6b, gives
only a slightly more viscous mix than the ordinary portland cement.

In contrast to this the use of only 5 % silica fume gives a dramatic increase in
viscosity. The effect of the silica fume is so marked that a mix with 15 % silica fume
became too viscous to be measured in this apparatus.

In the mixes with cement/water of 1,67 it can be seen that the :';lntithixotropic stiffening
of the mixes with extender is generally of smaller magnitude than is the case when the
ordinary portland cement is tested on its own. Again the mix with 5 % silica fume is
much more viscous than the other mixes. This sample of silica fume had the effect of
increasing the water demand of concrete by about Slitres per cubic metre at the level
of 5 % replacement. It is evident therefore that the effect of this extender on the water
demand of a concrete mix is matched by an lnoreass in the viscosity of the paste,
although the relative increase in the paste viscosity is more marked than the change
in water demand.

No viscosity testing of the Lethabo fly ash was done.

o

-------------------------,
Figure 5,9a

Viscous behaviour of other
cementttious rnater lals (clw=1.3)
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5.2.2.6

Figure 5.9b
Viscous behaviour of other

cementitious materials (c/w=1.67)

5 G 7 B 9 10 11 12 13 14 15 16
Shear stress (Pal

Figures 5.10a, band c show the effect of the use of Matla fly cah on the change !n
paste viscosity with time. When ordinary portland cement ages it shows a strong
tendency to become more viscous with time, particularly as the mix approaches its
initial setting time.

Cem ...nt iletails ]
PPC=~:O!~ SL •.-1 100% SL ->I- PPC+5% SF

100% M,\Ua ...,. PPC OPCS~------~:----------------------------~

Effect of time on viscous behaviour

When 15 % Matla fly ash was used the stiffening that occurred with the onset of
setting was less marked and this phenomenon was almost t~tai!y absent in the 50 %
fly ash mix. This gives an indication that the fly ash was havir;g some effect on the
setting behaviour of the pastes.o

Setting time effects will be discussed mora full)f in later paraqraphs.

5.23

>-----.------- .-.~.;..,-.. - =_.----·------ __""'.w ...



c

Figure 5.10a
Change of viscosity with time
for PPC ope at c Iw = 1.67
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5.2.2.7
As Wolter[97Jhas shown there is much information of use to the producer of Ready
Mixed Concrete in such curves. The curves show what stiffening is likely to occur when
such a cement or cement blend is used in a mix that is to be hauled over a medium
to long distance. It makes it possible for such a ready mixed concrete producer to
select the type of cement or cement blend most suited to his particular operation. In
this case the producer would be well advised to use the blend of cement and fly ash
for long haul operations.

Figure S.10c
Change of VIS cosity wi th time

for ppe ope + 50% MaUa at e/v\; = 1.67

300
250

~e alter J'Tltxing

~~1.5 h -*"-3 h --5 h

The information obtained from the viscosity tests is of some use to the users of
cement. However it is difficult to interpret what the implications of a moderate increase
in viscosity is to the user, as it is not clear whether this means a reduction in the water
requirement of the concrete mix or not. As this test requires relatively sophisticated
equipment and careful execution it cannot be regarded as a serious substitute for the
site slump test on concrete. Moreover the slump test gives direct information about the
degree of workability afforded by the concrete mix at any particular water content.

/
o

~--------------------------------------~

--------------'---------- .............._---------_ ..._---" ,

Significance of viscosity test results
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5.2.2.8 Rerommendation for further work

It is believed that until more is understood about the interpretation of the results of
such viscosity tests, this type ot test is not likely to be widely used.

A better understanding about the relationship between paste viscosity and concrete
slump might follow with experimental work on the viscosity of concrete. Equipment
capable of measuring the viscosity of concrete has been made available to the Eastern
Cape regional office of the PCI. This is a lins of investigation that might be pursued
profitably once the equipment is operating. It is probably desirable to include Lethabo
fly ash mixes in the scope of the additional testing, although there is likely to be less
difference between the effect of Lethabo and Matta fly ashes than was the case
recorded between Matla and Duvha fly ashes as both Lethabo and Matla are high
class fly ashes with beneficial water reducing effects. The same was not true for
Duvha fly ash.

5.3 Setting time

The initial and final setting times of a concrete or mortar have been arbitrarily defined
as a particular level of resistance to penetration of the plastic material by a needle or
probe of a specific size.

The setting time of a cement is determined as part of the standard set of tests for
cement using the Vicat test. The results are often reported as part cA the
characterisation of a cement consignment delivered to a site. This value is irrelevant
to the end user of cement however as the test is done on a rather rich pure cement
paste.

Other tests have been developed for use on concrete or mortar and the method used
here is described in the following parajraphs.

5.3.1 Test method used

o
In this investigation the setting time of concrete or mortar has been measured using
ASTM method C403_88[2711•This methoc' deduces the setting time as being the time
taken for the mix to reach a particular reslstance to penetration of a probe of a specific
size. In the case of concrete the mix has first to be prepared by the removal of alf
particles larger than 4,75 mm so that there are no big particles to offer unusual
resistance to the penetration of the probe.[2711

5.26



Figure 5.11
Comparison of concrete and mortar

setting time methods for OPC & PC30FA
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In this work it was found that it took rather a long time to screen suffiolent of the minus
4,75 mm sample from concrete, and there was concern that the mix could be
undergoing some form of setting which was disturbed Of delayed during the screening
process. As the test would be easier to perform on a mortar using the same sand as
for the concrete mix, but screened prior to mixing to remove all +4,75 mm partlcrss
some trials were done to evaluate the difference between the setting times recorded
using the screened concrete or a mortar.

The results of these trials are shown in tables 5.5a and 5.5b and fjgure 5.11. The
results for the concrete tests refer to the penetration resistance/time relationship
obtained for a mort ar screened from a concrete mix. The values for mortar 1 refer to
a mortar made uslnj the concrete mix proportions, but leaving out the stone; the slump
of this mix is greater than that for the mortar screened from the concrete. Mortar 2 is
made in a similar way, but the sand to cement ratio is changed so that the slump is
the same as for the mortar obtained from the concrete mix.c
It can be seen that the mortar mixes, if made to the same mix proportions as the
concrete but without the stone, show an increase in the seUing time relative to the
concrete although the magnitude of the increase is similar for both ope and PC 30 FA
mixes. These mixes are denoted as mortar 1. The difference between the setting times
of the ope and PC 30 FA mixes is therefore not changed by adopting this procedure.
There is a great advantage in doing so as the screening operation for obtaining the
mortar from the concrete is extremely time consuming.
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If the sand/cement rate of the mortar is adjusted to give a similar level of slump of the
mortar to that display.ad by the mortar screened from the concrete, then the absolute
level of setting time is very similar to that of the screened mortar for both ope and PC
30 FA mixes. These mixes are designated mortar 2. However as this is chang:ng other
characteristics of the mix it was thought that the sinlple mortar mix without the
adjustment to the sand/cement ratio was the better method of the two to follow. In view
of the time savings offered by using a mortar mix this modification was chosen for the
rest of this part of the experimental program.

The order of magnitude of the retardation resulting from the introduction of 30 % of
classified Matla fly ash is about 2,5 hours in the case of the results in figure 5.11.

5.3.2 Discussion of test results on Matla fly ash

In the first series of tests only one cement was used fer setting time determinations
and only the initial setting time was determined. The tests were done for mlxss with
ordinary portland cement and also various combinations of cement and fly ash, Tabie
5.6 gives the values for the initial setting times determined using the ordinary portland
cement from ppe Jupiter with and without selected Matla fly ash. These data are for
work done at a controlled temperature of 22 to 25°C.

This information is depicted graphically in figure 5.12. it should be noted that these
values are for mixes made to constant cemenVwater ratios and no adjustment has
been made to ensure equivalent strength at any particular age.

o

10 2D 30
FLY ASH CotllENT (%)

40 50

i=lgure 5.~2
Selting time of mortars
with and without fly ash

_ SETTING TIME [hours)

/
o Selected fly !Ish
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Figure 5.12 shows that the cement/water ratio of the mix has an important effect on the
initial setting time of the mortar mixes where there is little or no fly ash present. For an
ordinary portland cement mix the initial setting time of a low strength mix (clw :::;1,0)
is 6,4 hours but this reduces to 4,2 hours for 11 high strength mix (c/w = 2,5).
Consideration must be given to the tact that the absolute value of setting time with the
mortar method is higher than would be 'lhe case if a screened concrete sample was
tested.

The effect ot an increase of, say, 10 % in the fly ash content on the setting time
appears to be more significant than a change of 10% in the cement/water ratio. This
contradicts the findings of Samarin et al[115];r'"odification of the cementiwater ratio of
the fly ash mixes to give strength equivalence at 28 days is unlikely to affect the
validity of this statement.

As the fly ash content increases however the Significance of the cement/water ratio
becomes smaller and beyond 30 % fly ash there is little difference between the initial
setting times of the different cement/water ratio mixes.

The introduction of the fly ash has the other obvious result that the initial setting times
of all the mortar mixes increase significantly. The initial setting time of the mortar with
30 % fly ash is roughly double that of the ordinary portland cement mortar.

It appears that the setting time of a 30 % selected fly ash mix can be expected to be
about 5 hours longer than the equivalent ordinary portland cement mix at standard
temperature. Similarly the increase in initial setting time can be expected to be about
2 hours for 15 % selected fly ash and about 8 hours for 50 % selected fly ash.

o

However these results need to be put into perspective. Setting time tests were done
with some other cement samples and using a different sand in the mortar mixes. These
results are given in table 5.7a and the setting times of the mortars made from the 3
ordinary portland cement samples used are shown in figure 5.13a. It ls evident that the
setting times of the three cements differ quite considerably from one another. The order
of magnitude of the difference between two of these cements is as much as the
increase resultirlg from the introduction of 15 % fly ash as shown in figure 5.12.
Therefore, although there is little doubt that the use of fly ash doss increase the settinrl
timo of a mix, at the 15 % fly ash leve', the increase may be no greater than might b.e
experienced by a contractor who switches sources of cement during th9 course of a
construction job./

o
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Figure 5.13a
Initial and final setting times of

mortars with ope from 3 sources
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5.3.3 Comparison with other reports

Dodson'"? reported that by plotting the setting time against an index he called tl ~
Omega Index Factor (OIF) the cause of retardation resulting from the addition of th\..J
fly ash could be determined. The OIF is determined by taking the ordinary portland
cement content of the mix {kg/m3

} and multiplying it by tae cemenVwater ratio. The
index was calculated for the data in table 5.6 and a graph of setting tiri1eagainst OIF
was plotted as shown in figure 5.13b.

All the f:y ash mix values plot above the straight line for the ordinary portland cement
mix. This, according to Dodson'"? indicates that a chemical reaction is taking place that
further aggravates the set retardation resuiting from the lower cement content and
decreased cen ientlwater ratio.

c

It should however be noted that this analysis has been done for mixes designed on the
basis of similar cemenVwater ratios; adjustments to the cementlwater ratio to ensure
equivalent strength at 28 days would probably reduce the difference between the
reference line and.the fly ash mix values.
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Figure 5.130
Setting time versus OIF
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The magnitude of the retardation in initial setting time was strongly disputed by D &
H Ash Resources and a joint testing programme was undertaken to re-evaluate this
parameter. Although these tests indicated some differences in the actual method
followed by the two laboratories it appeared that the order of magnitude of the results
given in table 5.6 was correct to the satisfaction of the PCI technologists involved.

- ope
tl PC!SFA

CEMENT BLEND
+ PC5FA
)( PC30F.l'.

What was also apparent was that the sample of fly ash used to give the results in tab!e
5.6 was one whlch was supplied prior to the Matla classifier being installed; some
chanqes in fly ash quality and performance were thus possible. There was support for
this hypothesis in the results shown in table 5.7a derived from tests done on Matla fly'
ash supplied after the classifier was installed.

~ Se_le_C_1.e_d_flY_a_S_h _j

Figune 5.13c shows the effect that this sample of classified fly ash had on the setting
time relative to the origi:1alsample. The first three sets of bars are for tests done with
classlfled ash, while the tests with the ppe Jupiter cement are those shown in table
5.6 for selected Matla fly ash. Ignoring for tile time being the fact that for all cements
except the PPC Jupiter cement the fly ash mixes were made at higher cementlwater
ratios, it seems that the original fly ash sample represented particularly by the bars for
the PPC Jupiter PC 30 FA on figure 5.13(~had a greater impact on the setting time
relative to the ope than did the classified sample illustrated by the other three sets of
PC 30 FA bars.
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r igl1re 5.13c also shows that the change in setting time on the incorporation of fly ash
depends on the ordinary portland cement used in the mix. In this graph the cements
from Anglo-Alpha and 81ue Circte show similar degrees of chan~ in setting time with
15 % fly ash but differ at the 30 % fly ash level. The two PPC '~.Jurces also show
differences at both fly ash contents. This confirms the obssrvation of Giaccio and
MalhotraY05]

The finenesses (Blaine) of the csr--mts used for the results in table ,5.7a are,
Anglo-Alpha 358 m2/kg, Blue Circle 324 m2/kg and ppe 337 rn2lkg. The results in table
5.7a do not appear to support the rslaflonshlp between cement fineness and the
retarding effect suggested by Costa and Massazzal65J very \S1h._~!y although the
tendency for finer ~t?OV")-;tsto retard less is evident However if\S possible that if any
one of these cernen ... -"llS grr,und finer this might tend to reduce the impact of the fly
ash on U,e setting time as ~heordinary portland cementwould then probably set
sooner.

To return to the point of the cernsntwater ratios used, it is evident from figure 5.12 that
an increase in the cementiwater ratio will, for low fly ash contents, have the effect of
decreasing the magnitude of the retarcatlon, The mixes in table 5.7a had revised
cementJwater ratios in order to provide a compressive strength level in the fly ash mix
which would match that of the ordinary portland cement mix at 28 days. This
modification and its impact on setting time, will be discussed in more detail 1'1 the
chapter on compressive strength.

o

Figure 5.f3c
Initial setting time of ope and FA

mortars \Nith cements from 4 sources
Settmg time12r- ~:----~.----.------------------~

10~··",,···········,,····,,·,,···············,,·······,,···· ~~ ·······•······•·····•·..·~~···1

2

o
8 C Licht PPC Slurry

S(>urce of cement

I - OPC fLZ3 PC1SFA fJW PC3u;-j

A-A uicc PPC J upiter

5.32



Table 51.7bgives further results on setting times of mortars for an ordinary portland
cement, a 50/50 blend of that ope and ggbs, a Blue Circle Industria factory produced
15 % fll{ ash blend cement and a laboratory 30 % blend of Blue Circle ope and Matla
fly ash. It can be seen that the retardation of the initial set of the 15 % fl~' ash mix is
less than that resulting from the slag mix or the 30 % fly ash mix. In tho case of the
final set the 15% fly ash mix appears to be accelerated relative to the!other ope, and
is much less affected than the slag or 30 % fly ash mixes.

5.3.4 Iinvestigation into cause of fly ash retardation effect

While P_Cihad reports of unusual delays in setting times for some fly ash mixes on
site,[272)D & H Ash Resources maintained that generally there was no problem with
setting time on sites. Some further work was therefore needed to investigate what
changes might have occurred and how these changes might influence the setting time
results. Detailed analyses were obtained for the Matla fly ash samples before and after
lnstaltatlon of the classifiert273) and these data are given in table 5.8. The ash extracted
before the installation of the classifier is called selected ash and the other classified
flyasb.

It can be seen from table 5.8 that there are some fairly major changes in both tho
oxide and the trace element analysis values between the two samples. It would be
impractical to attempt to isolate aH the variables that changed significantly in the
analyses and therefore an attempt was made to evaluate the effect of introduction of
some additional trace elements to the fly ash mixes.

Kasayi et al[114)indicated that boron in the fly ash seemed to be responsible for severe
retardatton of setting. Some experimental work was done in the laboratory to evaluate
the eflltJo,;tof some cations on the setting time. The cations chosen for these tests were
boron (in the form of H3B03), strontium (in the form of Sr(N03)2) and lead (in the form
of PbN02). In each case 1000 parts per million of cation was added to the mortar
mixes, and the setting time was cornpsred against that of a similar fl)' ash mortar
without the addition of the cation.

Table 5.9 gives the results of these tests and these data are shown graphically in
figurel 5.14. In this case both the ope and fly ash mixes were designed to give equal
cornpresslve strength at 28 days using the mix proportions in table 4.11; the cations
were added to the fly ash mix without further modification.

The increase in initial setting time over that of the ordinary portland cement with the
use Clf fly ash is about 1 hour in this case. The Omega Index Factor of the fly ash mix
in this case plots above that of the ordinary portland cement mix confirmin!:1 that,
accol~dingto Dodson,"?" the fly ash retardation is probably due to chemlcal effects. The
addition of strontium or lead seems to increase the setting time of the fly ash mix only
slightly. The boron, on the other hand seems to have a dramatic effect on the setting
time of the fly ash mix, adding about 2,5 hours more to the initial and final setting times
of the fly ash mlx, This would thereforo seem to confirm the conclusion of Kasayi at
al[114)about the severe impact that boron has on the settir= time of fly ash mixes. This
does not definitely implicate boron in thi"'i particular case as the order of magnitude of
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boron addition in these experiments is well in excess of the fluctuation that occurred
in the fly ash tested.

~-----------------------------------------~
FIgure 5.14

Setting time of mortars with
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Boron is an extremely difficult element to test for as it is present and available from
most glasses - extractions can therefore not be done using glass equipment. This
makes testing for this element rather expensive and this lina of thought has therefore
not been pursued. It is also unlikely that it would be feasible to reduce the boron
content of the raw fly ash. It is therefore perhaps sufficient to indicate that boron is a
possible cause of some of the retardation that results from the use of fly ash.

A summary of a series of analyses of the chemical constituents of Matla fly ash is
given in table 5.10a together with the calculated means, standard deviations and
coefficients of variation. It is evident that the quality of the fly ash is fairly unltorrn,
particularly with regard to the silica, alumina and calcium contents, although there is
some variabnty in the values for the alkali contents and the sulphur trioxide levels. The
phosphate lovel is shown here not to be a component that varies signWcantly.

Table 5.10b gives a similar set of results for Lethabo fly ash fer comparison purposes
- these data are not again re'ferred to.

Further tests were done to determine the effect of an increase in anions such as
sulphates and phosphates, and fly ash fineness on the setting time. The results of
these tests are given in table 5.11 and depicted graphically in figure 5.15. The anions
added were sulphate in the form of sodium sulphate, and phosphate in the form of
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sodium hexametaphosphate. The proportions of the anions were increased over the
average level by 3 and 6 standard deviations each (identified in figure 5.15 as 81 and
82 for sutphates, and P1 and P2 for the phosphates) based on the mean and standard
deviation figures calculates tram a series clf analyses made available by Messrs. Ash
Resources. These data are shown in table 5.10a for the Matla fly ash used in these
tests.

A sample of fly ash was also screened on a 45 micrometre sieve. The performance
of the screened sample (identified in figure 5.15 as PC30FA(i» W2.S compared against
that of a normal unscreened sample. .

These data were presented in a paper by Grieve and Kruger[~741to the First National
Symposium of the South African Coal Ash Association in 1990. In this paper it was
reported that the sulphate had an accelerating eitect on the setting time, the phosphate
retarded the setting time to a similar or greater extent as ~i,e boron, and the sieved fine
fly ash had a very similar effect on the setting time to the unscreened coarse fly ash.
The conclusion in this paper was that boron and phosphates are the most significant
retarders of the materials tested.

In terms of the likelihood of either of these two ions being responsible for changes in
the setting time of fly ash mixes, the phosphate is the more apparent culprit. The
phosphates, at 6 standard deviations of added phosphate, resulted in approximately
24 hours retardation of final set. Further tests at 0,5 and 1,0 standard deviations of
additional phosphate gave more severe retardation than was the case for boron.

Figure 5.15
Setting time of ope and FA mixes

with added anions
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Bubseqaent tests, reported in the paper by Grieve and Kruger,1274]showed that the
actual level of phosphate available from the Matla fly ash which could have taken part
in influencing the setting times was negligible. The levels of addition mads in these
tests were thus somewhat higher than expected when the figures In table 5.10 are
considered, The conclusion reached from the limited evidence reported in the paper
by Grieve and Kruger[2741was that boron was more likely to be a factor in variations of
setting time of mixes containing tiy ash.

It should be noted that the alkali content of fly ashes has been reported to influence
the setting time, with, in theory, a high alkali content leading to shorter setting time!7111•
The Cider of magnitude of the variation in alkali contents of the Matla fly ash is slmllar
to that reported by Ravina and Mehta[79]but they found that the chanqe in setting time
did not correlate well with the change in total equivalent alkali content of the fly ash:
they postulated that this might be due to the fact that the setting time would correlate
better with the water soluble alkali content. The variation in the total equivalent alkali
contents of the two ash samples for which setting time comparisons are available, l.e.
those given in table 5.8, is small and therefore, barring the possibility of the water
soluble alkali contents being very different to each other, the alkali content is probably
not responsible for tbs change in setting time. A further nolnt to consider here is that,
as in the case of the phosphates, the level of equivalent alkali which is available during
the period leading up to setting of th8 mix is probably much lower than the figures
given in table 5.8,

However both Ravina and Mehta[79]arid Haque et al(51J believe that the sulphate content
has an influence on the setting time. In this case there is a significant difference
between the values reported for the two ashes in table 5.8. The indication from the
results given in table 5.11 confirms that an increase in the level of sulphates in a fly
ash will tend to result in a greater delay to setting time.

5.3.5 Temperature effects

Table 5.12a gives the results of tests done to establish the initial setting time of
mortars at different temperatures. This information is depicted graphically i figure
5.16a. !t is evident from figure 5.16a that the use of fly ash makes the mortar more
sensitive to the curing temperature. This finding is in agreement with those ot Rivera[lJ;j
and Collepardi.[1181The effect of low temperatures is to aggravate the retardation
caused by the fly ash. On the other hand the fly ash mortars respond better to high
temperatures, and the degree of retardation is reduced.

A similar conciusion can be reached after studying the results given in table 5.12b and
figure 5.16b in which the setting times of some blends are compared against one
another. The mix proportions of these concretes are ~Iivenin table 5.12c. The general
impression is that at the level of 15 % fly ash the impact is relatively small. For 30 %
fly ash content the retardation effect is severe: more severe than is the case for the
mix containing 50 % slag. Again it should be noted that the mixes with extenders have
not been designed for equivalent strength at 28 days and such an adjustment can be
expected to decrease the rel.arding effect.
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Figure 5,16a
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5.3.6 Results with Lethabo fly ash

Setting time tests were done on a series of combinations of Lethabo fly ash with 3
different samples ot ordinary portland cement from the Pretoria-Witwatersrand-
Vereeniging marketing area (PWV) under various curing conditions. For comparative
purposes table 10.5b gives data on a spectrum of chemical analyses on Lethabo fly
ash in a similar way to the information provided for Matla flY ash in table 10.5a. Unlike
the case for Matla however, no further use was mads of this information.

The mix proportions used are given in table 5.13a. The sand used in these mixes was
a decomposed granite sand from the PWV area.

The results of these tests are given in table 5.13b and are shown graphically in figures
5.17a to 5.17f. The nomenclature used in the table and figures is as follows:

• EQ28 =

• DR =

• HOT =

• STD =

• COLD =

equivalent 28 day compressive strength design

direct replacement of fly ash blend for ope cement

curing condition z 30°C

curing condition z 23°C

curing cond'tlon z 7 DC

The cements were derived from three sources and have been identified as A, Band
C. The fly ash source was Lethabo. Mixes with the ordinary portland cements were
made to give 30 MPa as well as a mix with a fixed cement/water ratio of 1,9.

i

k
L

For EQ28 mixes the concrete was intended to give similar workablllty in the fresh
concrete and similar 28 day compressive strength. The cement/water ratio is not
necessarily the same as for the ope mixes. The direct replacement mixes are those
where the blend completely replaces the ope mass for mass, but advantage is taken
of the water reduction permitted by the fly ash to give the same slump as for the ope
mix. Note that in this case the term "direct replacement" signifies the situation on site
where the blended cement would be substituted for ope in a site mix with no other
adjustment than to ensure that the slump remains constant at the level used fer the
ope mix. Her~'the direct replacement is with a blended cement and not with fly ash as
referred to in chapter 3.

Again the cement/water ratio is not necessarily the same as for the ope mixes.
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The results indicate the following:

• The trend is for the initial and final setting times to show a small increase as the
fly ash content increases under hot conditions.

• The trend under standard curing conditions is for the initial and final setting
times to increase by more than t 0 % in the case of the cement A blends in
designed mixes. The other two cements showed little or no increase in setting
time. Under direct replacement conditions Hlis trend is evident for all three
cements. -

• A similar trend is evident for the cold curing conditions.

• The setting times of the blends generally fall within the ranges of the setting
times of the three ordinary portland cements.

There seems therefore to be little impact on the setting times of mortars from the
incorporation of Lethabo fly ash in mixes made using the three cements tested in this
exercise. This may not however be true for cements from all sources.

5.3.7 Summary of the eUact on setting time

In summary therefore it seems that the introduction of Matla fly ash into a mix is likely
to increase the setting times with the degree of retardation being proportional to the fly
ash content of the mix. Low f!y ash contents below 15 % fly ash are unlikely to result
in a significantly more retarded mix than might be the case were cements from different
sources used. Matla fly ash has the effect of maKingthe mix more sensitive to different
curing temperatures.

In the case of the Lethabo fly ash there seems to be a less significant effect on the
setting times, although some cements, notably Cement A, do show a similar retardation
to that caused by the use of Matla fly ash.

5.4 Bleeding

Bleeding is the phenomenon of the dense components of a concrete or mortar mix
settling through the water with the result that water appears on the surface of the
compacted mix. If the evaporation rate from this surface is slower than the rate at
which the water accumulates at the surface then the bleeding will be visible - when the
evaporation rate is faster than the bleed rate then there will be no visible water at the
surface and the concrete will be prone to plastic snrlnkage cracking.

v
jO

L
All cementitious mixes bleed, but the rate, the total volume and the ambient conditions
to which the mix is exposed are all factors that determine how much bleed water will
accumulate on the surface of the concrete. The problems that can result from heavy
bleeding include poor finishes on horizontal or shuttered surfaces, settlement cracking,
high permeability and low compressive and flexural strengths.
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The bleed rate is dependent on the specific surface of the solid materials in the mix.
If there is a lack of fines in the mix the specific surface of the solid components will be
low and the bleed rate will be high. The incorporation of fly ash will, because it
contributes more volume than the cement being replaced, tend to increase the surface
area of the solid components and could therefore be expected to reduce the bleed rate.

On the other hand, because of the retarding effect of the fly ash on the initial setting
time of the mix, there is more time in which bleeding can take place and therefore the
total bleed volume may be expected to rise.

5.4.1 Test methods used and results obtained

In the initial experimental work done for this project US9 was rna, 'e of the RHem
Recommendation MR-6, "Tendency of Water to Separate from MOi1aM,,1275).In this test
similar but separate mortar specimens are prepared for readings at elapsed times of
15 minutes, 30 minutes, 1, 2 and 4 hours. After a readiilg is taken the specimen is
discarded. It can be seen that using such a method it is possible, if the specimens are
not identical, to get an apparent decrease in total bleed volume with time.

Tests were done using PPC Jupiter opc end selected Marla fly ash with the mix
proportions given in table 5.14a. The results of these tests are giv('1'] in table 5.14b.
These data a~edepicted graphically in figures 5.18a to 5.18e. The summary of the total
bleed volume against fly ash content is given in figure 5.18f.

Subsequent tests for bleeding were done using ASTM method C_232[276)as it was felt
that the Rilem test was not giving all the required inforrnatlon.

5.4.2 Discussion of findings

._
In figure 5.18f it seems, if the apparent anomaly at 10 % fly ash is ignored, that there
is no definite trend in the bleed volume with the addition of fl}1 ash. However it should
be borne in mind that the fly ash tends to retard the setting of the mortar; a mix with
a high fly ash content is therefore likely to continue to bleed for a longer period. It is
possible that the mixes with the high fly ash contents were still bleeding at the end of
the test, but as the RHemtest stops at 4 hours th!j additional bleeding that might have
occurred beyond 4 hours was not recorded.

l/
I C,
I
j

L

This is confirmed by looking at fi\lure 5.19 which shows the time at which bleeding
ceased for five different mixes. These tests were done using the ASTM method for
bleed determination.(276]The fly ash used was from Matla. There is a definite trend for
this time to increase as the fly ash content of the mortar mix increases. It is also
notable that the time needed to reach the end of the bleeding process is in excess of
4 hours in the cases of both the fly ash mixes.
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FigufB S.18c
Bleed volume at c Iw = 2.0

For varying fly ash contents
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Figure 5.18e
Bleed volume at FA : 0 and 15%

For varying cJw ratios

Bleed volume (rn!)

:l-l-"I'+';:} . !":,{=+:-:: I :~e;.';"'{n:Jr ratio
6 - ·Mr ..

1 ~.. 'fJL , , , , ,., tJj,."..
,I /oJ?' 1 l j l i 10+ -t-._. . ----j--r--" .
o 0.5 1 1.5 2 2.5 3 3.5 -4

EiapSE~d time (h]
[Malia fly ash)

.....;- 1,5 (0%)

..*..2.0 (0%)

. s- 2,5 (0%1

""*"' I,D (15%) J
....... 1,5 (15%)
..~ .. 2,0 (15%)

l ':1[- 2,5 li5%1 __

Matla fly ash

f-Igure 5.18f
Bleed volume of mortar mixes

with and without fly ash
Total bleed volume [ml]

10 ! -----:----- ':.~ ~ .
• i !

:':~:i.::::·::t;:;:i::-:~:t;-~~;:;:~;~~~~::::::::-~=:::
: I ..·..· ·I..·.. · ·..·· ~·t·..·..·····..I '1" ,"t' ..

o 10 20, 30 40 50 SO
Fly ~sh content [%)

r- cemenll:ater rsucl=C/W : ~_:- CIW : 1,~ "-lI<-" CIW '2,0 - III- . CIW : 2,5

(Selected MaUa fly ash!

t, M_a_tla__fly__aS_h __

5.46



It is clear therefore that the arbitrary selection of the period of 4 hours used for the
Rilem test method, while convenient, is inappropriate for the proper assessment of the
full bleeding potential of fly ash mixes, particularly when the fly ash content is relatively
high and when this results in an increase In the setting time of the mix.

Results of these other ASTM tests on mortars with a combination of different
cementitious materials shown in figure 5.19 are given in table 5.15. The proportions
used for the concrete mixes from which the mortars were extracted by screening are
shown in table 5.12c. In this case classified Matla fly ash was used. Although the
cement used in the ope and PC50SL tests was not from the same source that was
used for the PC 15 FA and PC 30 FA cements it appears that the fly ash mixes have
higher total bleed volumes than the other mixes tested in this work. The bleed volume
as a percentage of total mix water of these mixes is also indicateci in table 5.15 based
on a test sample size of 13,4 litres. These data indicate that fly ash does indeed
increase the ble:edingof concrete.

Table 5.16 gives the data for the progression of bleeding with tie for these mixes.
Figure 5.20 shows the information graphically. It seems that there is little significant
change in the bleed rate with the use of fly ash.

No work was done on the effect on the bleeding of mixes resulting from the
incorporation of i...ethabofly ash.
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Figure 5,19
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F~t1ure 5.20
Bleeding of rnortars made with
different cementitious materials
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5.4.3 Summary on property of bleeding

The use of Matla fly ash seems to result in some increase in the bleed volume relative
to the equivalent ordinary portland cement mix as shown in figure 5.1£. Table 5.15
gives an indication that a greater proportion of the bleed capacity of a concrete can be
realised with fly ash mixes even though the water content of the mix is reduced. The
rate of bleeding shown in figure 5.18e on the other hand seems to be lower for the fly
ash mixes. This is contradicted by the information on figure 5.20. However as the
mixes detailed in table 5.15 all have the same cement/water ratio they will not reach
compressive strength parity at 28 days; adjustments to the mix proportions to ensure
28 day compressive strength parity will tend to reduce the difft9rences shown in this
table and in figure 5.~!O.

As Lethabo fly ash seems !0g~nflrally have a smaller impact on the setting times it is
possible that with the bleed rate bf)ing similar to that fro ope, the overall bleed volume
will probably also reduce.

It is beHeved that a wider spectrum of aggregates needs to be tested in this way to
improve the level of uncierstanding of the impact that fly ash has on bleeding of mortars
and concretes.

~
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5,5 Summary of fresh concrete properties

The effect that MaUa (and in some cases Lethabo) fly ash has on the fresh properties
of concrete and mortar are summarised in the plaragraphs below.

5.5.1 Workability

• The inclusion of Matla or Lethabo fly ash in a cementitious mix improves the
flow characteristics of the mix when compared with a similar mix without the fly
ash.· .

• This effect can be expressed as the volume of water that can be removed from
the mix while still giving the same slump, i.e. the water reduction.

• The magnitude of the water reduction depends on the source of the ordinary
portland cement used, some sources allowing more improvement than others.
More data is required for a better understanding of the interaction between
cement and fly ash.

There ls no apparent link between the "water demand" of the cement and the
magnitude of the water reduction that occurs with the use of fly ash.

• Introduction of fly ash makes only an insignificant difference to the overall
concrete grading, and the fly ash particle shape and its dispersive effect are
probably more significant mechanisms in the water reduction process.

• A first approximation for the magnitude of the water reduction which will occur
on using Matla fly ash is:

Water reduction (11m3
) = 0,55 x fly ash content (%)

In the case of Lethabo fly ash the avallabls data suggests that this fly ash is a
slightly more effective water reducer giving a constant in the above formula of
0,59.

5.5.2 Viscosity

The information obtained from the vlscoclty tests is of scrns use to the users of
cement However it is difficult to interpret what the implications of a moderate increase
in viscosity is to the user, as it is not clear whether tl,is means a reduction in the water
requirement of the concrete mix er not. As this test requires relatively sophisticated
equipment and careful execution it cannot be regarded as a serious substitute for the
site slump test on concrete. Moreover the slump test gives direct information about the
degree of workability afforded by ths concrete mix at any particular water content.

5.5.3 Setting times
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The introduction of Matla fly ash into a mix is likely to increase the setting times with
the degree of retardaflon being proportional to the fly ash content of the mix. Low fly
ash contents below i5 % fly ash are unlikely to result in a significantly more retarded
mix than might be the case were cements from different sources used. Matla fly ash
has the effect of making the mix more sensitive to different curing temperatures.

In the case of the Lethabo fly ash there seems to be a less significant effect on the
setting times, although some cements, notably Cement A, do show a similar retardation
to that caused by the use of Matla fly ash.

5.5.4 Bleeding

The use of Matla fly ash seems to increase the bleed volume slightl}' relative to the
equivalent ordinary portland cement mix as shown in figure 5.19. The use of fly ash
seems to permit a concrete to bleed a greater proportion of the total mix water than for
an ope mix. The rate of bleeding on the other hand seems only marginally higher; for
equivalent 28 day compressive strength mixes the rates would probably be similar to
the ope bleed rate.

As Lethabo fly ash seems to generally have a smaller impact on the setting times it is
possible that with the bleed rate being slrnllar to ope, the overall bleed volume will
probably also reduce.

It is believed that a wider spectrum of aggmgates needs to be tested in this way to
improve the level of understanding of the lmpact that fly ash has on bleeding of mortars
and concretes.
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Table 5.ia
Mix proportions of concrete mixes (kg/m3

)

I,
10

It
I
i
(c:
l

-
% clw c/w clw c/w
Fly Materials 1,0 1,5 2,0 2,5
ash

Water 209 205 203 207
0 Cement 209 308 406 518

Fly ash - - - -
Stone 1065 1090 1110 1129
Sand 979 884 789 675

Water 206 201 199 203
5 Cement 196 286 378 482

Fly ash 10 15 20 25
Stone 1070 1095 1115 1125
Sand 982 892 797 684

Water 203 198 196 199
10 Cement 183 267 353 448

Fly ash 20 30 39 50
Stone 1075 1100 1120 ·1i30
Sand 986 895 800 691

Water 200 194 193 194
15 Cement 170 247 328 412

Fly ash 30 44 58 73
Stone 1085 1110 1130 1140
Sand 985 a9a aoo 701

Water 193 188 185 188
30 Cement 135 197 259 329

Fly ash 58 85 111 141
Stone 1110 1130 1150 1160
Sand 980 894 803 694

Water 186 179 176 179
50 Cement 93 134 176 224

Fly ash 93 134 176 224
Stone 1135 1160 1180 1190
Sand 973 890 798 688

Note: Fly ash ex Mafia; Sand, grit ex Kendal;
Stone, dolerite ex Rooikraal

Note: c/w above refers to total cemsntltlous
material to water rano,
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Table S.1b

Slumps recorded from standard mixes (mm)

i

10
f
l

k
l

% Cemsnt Mix using
Fly source
ash c/w c/w c/w clw

1,0 1,5 2,0 2,5-
PPC Jup 65 70 65 60

0 i3C Licht 80 80 65 45
A-A Rood 65 60 60 60-
PPC -Jup 70 65 65 60

5 i3C Licht 60 70 60 45
A.-A Rood 55 60 55 60

PPC 70 70 80 80
Blend 80 60 80 70
PPC
Grind

F>PCJup 50 70 70 65
10 BC Licht 60 65 50 50 •

A-A Rood 60 75 60 50
PPC Jup 70 60 65 65

~6 BC Licht 75 50 50 50
A...A Rood 70 65 65 50

PPC 65 75 65 65
Blend 60 65 65 65
PPC
Grind

PPC Jup 75 70 65 65
30 Be Licht 60 55 65 SO

A-A Rood 60 70 85 40
FPC Jup 70 65 70 75

50 BC Licht 50 60 50 55
A-A Rood 60 65 55 40

LEGEND: PPC Jup :;:: PPC Jupiter
BC Licht = Blue Circle Lichtenburg
A-A Rood == Anglo Alpha Roodepoort
-~C Bland == Blended PPC cement
PPC Grind = (nterground PPC cement
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Table 5.1c
Water reductions given by fly ash mixes relative
to ope control mixes (Iitres per m~; Mat!a fly ash

Fly Cement c/w c/w ctw cM
ash source 1,0 1,5 2,0 2,0

ppe Jup 0 0 0 0

BO Licht 0 0 0 0

0 A-A Rood 0 0 0 0

PPO Blend - - - -
PPCGrind - - - -
PPCJup 3 4 4 4

BO Licht 3 4 4 4

5 A-A Rood -2 4 -1 4

PPO Blend 3 4 4 4

PPO Grind 3 4 4 4

PPO Jup 1 7 7 8
BO Licht 6 7 ~ S

10 A-A Rood 6 7 7 3

PPO Blend - - - -
PPO Grind - - - -
PPOJup 9 11 10 13

80 Licht 9 6 r 5 13

15 A-A Rood 9 11 10 8

PPO Blend 9 11 10 13

PPO Grind S 11 10 13

PPO Jup 16 17 18 19

BO Licht 16 17 13 19

30 A-A Rood 16 17 18 9

PPO Blend - - - -
PPOGrind - - - --
PPO JI.'P 23 26 27 28-
BO Licht 18 26 22 28

I--

50 A-A Rood 23 26 22 18

L PPO Blend - - - --
PPOGrind - - - -
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Table 5.1d
Additional data on water reductions using Matla
fly ash (in litre per m3

); Mixes as per table 4.8

% Cement c/w Water
Fly source ratio reduction
ash (Iitre/m3

)

PPC Slurry 2,00 10,5
15 BC Uchtenburg 1,80 12,0

A-A Ulco 1,80 1r.o
PPC Slurry 2,13 23,5

30 Be Lichtenburg 1,93 23,0
A-A Ulco 1,93 15,0 .1

These data obtained from commercial work at per.

Table 5.1e
Water contents (Q/m3

)of OPC/fly ash mixes at 75 rnm
slump using Lethabo fly ash; mixes as per table 4.9

o

c/w Fly ash Cement source
ratio content

o/e A B C I

1,7 0 205 204 209
1,9 0 204 203 209
2,1 0 205 204 212
',8 15 200 196 205
2,0 15 200 193 200
2,2 15 200 195 202
1,9 22,5 197 192 197
2,1 22,5 197 195 1~l7_"-
2,3 22,5 200 192 197

I2,0 r1~ 195 194 190
2,2 30 195 190 188
2,4 30 195 187 188
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Table 5.1f
Water reduction in Iitreslm3 relative to the

ope mix using Lethabo flyash

c/w fa Cement source
ratio content

% A B C
"2,1 0 0,0 0,0 0,0

1,8 15 4,7 7,7 5,0

2,0 15 4,7 10,7 10,0

2,2 15 4,7 8,7 8,0

1.9 22,5 7,7 11,7 13,0--
2,1 22,5 7.7 8,7 13,0

2,3 22,5 4,7 11,7 13,0

2,0 30 9,7 9,7 20,0
'-''''~

2,2 30 9,7 13,7 22,0

2, 30 9,7 16,7 22,0-
Table 5.2

Quantities of materials used for paste mixes (gram); Matla fly ash

[ Material I c/w I ope I Flya$h I Slag I CSF I Water I
Pure cement 1.30 505.6 - - - 389.0

1.67 599.6 - - - 359.0

PC5FA 1.30 477.8 25.1 - - 386.9
1.67 566.0 29.8 - - 356.8

PC15FA 1.30 423.0 74.6 - - 382.8
1.67 500.1 88.3 - - 352.3

PC50FA 1.30 240.Q 240.0 - - 369.2
1.67 281.9 281.9 - - 337.6

PC50SL 1.30 250.9 - 250.9 - 385.9
1.67 297.0 - 297.: - 355.7

PC5CSF 1.30 477.4 - - 25.1 386.5
1.67 565.4 - - 29.8 356.4

1
..

Fly ash 1.30 - 4G6.8 - - 351.4
1.67 - 532.2 - - 318.6

Slag 1.30 - - 49713 - 382.9
1.67 - - 588.6 .,.... 352.5
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Table 5.3
Details of sources of materials for paste mixes

used for the viscosity testing

_ ..-.
Mix Cement Fly ash GGBS CSF %
No. source source source source extender

1 BC Licht - - - 0'.
2 Be Licht Matla - \ - 1'5

3 Be Licht Matla - - 50

4 A-A Rood - - - 0

5 A-A Rood Matla - - 15
.~......

~ A-A Rood Mafia - - 50

7 r=c Jup 1 - - - 0

8 ppe Jup 1 Matla - _. 15

9 ppe \JlIP1 Matla - - 50
I

10 PPO J~JP2 - - - -~-
11 ppe ~up 2 Matla - - 15 blend- -
12. ppe Jllp 2 Mat(a - - 15 grind-
13 ppe Jup 1 Duvha - - 15

14 r=c Jup 1 Duvha - - 50
15 ppe Jup 1 - Pretoria - 50

..1 -
16 - - pretoria - 100- . ,
17 PPC Jup 1 - - Pletersburq 5

18 - Matla - - JOO

19 PPC Jup 1 - - - 0

20 ppe Jup 1 Matla - - 15

21 PPO Jup 1 Matla - - 50

LEGEND: Be Licht
A-A Rood
PPO Jup 1
PPC Jup 2

::: Blue Circle Lichtenburg
Anglo Alpha Roodepoort
ppe Jupiter (silo)
PPO Jupiter (additional sample)

:::

::

::
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Table 5.4a

Shear stress values (Pa) tor paste mixes at various shear rates

C/W ratio = -J ,30

Shear {'--

rate Mix Mix Mix Mix Mix Mix Mix Mix Mix Mix Mix Mix

1/s No. No. No. No. No. No. It. o. No. No. No. No. No.
1 2 3 4 5 6 7 8 9 10 11 12

109,7 2,2 2,1 2,3 2,0 2,0 2,1 2,0 1,9 1,9 1,8 1,8 1,9

163,9 2,6 2,5 2,7 2,5 2,4 2,5 2,4 2,3 2,4 2,1 2,2 2,2

216,6 3,0 2,9 3,1 2,7 2,7 2,8 2,7 2,7 2,7 2,4 2,.5 2,5

273,6 3,4 3,3 3,4 3,1 3,0 3,1 3,0 3,0 3,1 2,7 2,7 : 2,8

327,7 3,8 3,6 3,6 3,4 3,3 3,4 3,2 3,3 3,4 2,9 3,0 3,1- ,-_
327,7 4,2 3,9 3,8 3,5 3,4 3,4 3,3 3,3 3,3 3,0 3,1 3,2

273,6 3,7 3,5 3,4 3,1 3,0 3,1 3,0 3,0 3,0 2,7 2,a 2,9

216,6 3,3 3,1 3,0 2,7 2,6 2,7 2,6 2,6 2,6 2,4 2,4 2,5

163,9 28 2,7 2,6 2,5 2,3 2,3 2,4 2,3 2,2 2,1 2,1 2,2
1----

109,7 2,4 2,2 2,1 2,1 1,9 2,0 2,0 1,9 1,8 1,8 1,8 1,9

Temp 20,6 20,9 20,7 23,7 23,7 23,3 23,5 23,3 23,3 23J3 23,2 23,8
°C - c
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Table 5.4a
Shear stress values (Pa) for paste mixes at various shear rates

..-
C/W ratio= '1,30

Shear
Mix Mix Mix Mix Mix Mix Mix Mix I Mix Mix Mix Mixrate

lIs No. No. No. No. No. No. No. No. No. No. No. No.
; 2 3 4 5 6 7 8 9 10 11 12-109,7 2.2 I 2,1 2,3 2,0 2.0 2.1 2,0 1,9 1,9 1,8 1,8 1,9. --163,9 2,6 2,5 2,7 2,5 2,4 2,5 2,4 2,3 2,4 2,1 2,2 2,2

216,6 3,0 2,9 3,1 2,7 2,7 2,8 2,7 2,7 2,7 2,4 2r:: 2,5,....
_·Mo,'" ..

273,6 3,4 3,3 3,4 3,1 3,0 3,1 3,0 3,\) 3,1 2,7 2,7 2,8
327,7 3,8 3,6 3,6 3,4 3,3 3,4 3,2 3,3 3,4 2,9 3,0 3,1
327,7 4,2 3,P 3,8 3,5 3,4 3,4 3,3 3,3 3,3 3,0 3,1 3,2-273,6 3,7 3,5 3,4 3,1 3,0 3,1 3,0 3,0 3,0 2,7 2.8 2,9- .
216,6 3,3 3,1 3,0 2,7 2,6 2,7 2,6 2,6 2,6 2,4 2A. r 2,5-- . -163,9 2,8 2,7 ! 2,6 2,5 2, 2,3 2,4 2,3 2,2 2,1 2,1 I 2,2I

109,7 2,4 2,2 2,1 2,1 1,9 2,0 2,0 1,9 '1.~t-~ 1,8 1,9_. - - --
Temp 20,6 20,9 20,7 23,7 23,'7 23,3 23,5 23,3 23,3 23,0 23,2 123,8°C

;:::;:
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Tabla 5.4b
Shear stress values (Pa) for pasta mixes at various shear rates

e/w ratio ::::1,67
Shear ,\

rate Mix Mix Mix Mix I Mix Mix Mix Mix Mix Mix Mix Mix
(1/5) No. No. No. No. No. No. No. No. No. No. No. No.

1 .
2 3 4 5 6 7 8 9 10 11 12

"

109,7 4,6 4,7 4,7 4,4 4,2 u 4,3 4,1 :,0 4,0 3,7 3,7 3,9 '

163,9 5,5 5,6 5,6 5,2 5,0 5,1 4,9 4,8 4,8 4,4 4,4 4,6

216,6 6,3 6,4 6,4 5,8 5,7 5,8 5,5 5,4 5,5 5,0 5,0 5,2

273,6 7,1 7,1 7,0 6,4 6,1 6,4 6,1 6,0 6,1 5,5 5,5 s,a
l327,7 7,7 7,6 7,7 6,9 6,5 7,1 6,8 6,7 6,6 5,9 6,0 6,3

327,7 10,0 9,2 8,2 8,0 7,6 7,3 7,6 7,1 6,8 6,7 6,6 7,1

273,6 9,2 8.5 7,6 7,0 6,8 6,7 6,8 6,5 6,2 6,1 5,9 6,3

216,6 8,3 7,5 6,7 6,2 6,0 5,9 6,0 5,8 5,5 5,4 5.2 5,6

163,9 7,4 6,6 5,9 5,4 5,2 5,2 5,3 5,1 4,8 4,7 4,6 4.8

109,7 6,2 5,7 5,0 4,6 4,4 4,3 4,5 4,4 4,0'" 4,0 3,9 4,1

Temp 21,0 21,1 21,0 24,3 24,0 23,7 23,9 23,8 23,3 23,8 23,5 24,0QC -
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Table 5Ac

Shear stress values (Pa) for paste mixes at various shear rates

c/w ratio = 1,30
Shear
rate Mix Mix Mix Mix Mix Mix

No. No. No. No. No. No.

1ls 13 14 15 16 17 18

109,7 2,3 4,2 2,1 1,9 4,9 2,5

163,9 2,8 5,3 2,6 2,3 5,4 2,9

216,6 3,2 6,3 2,9 2,7 5,9 3,3

273,6 3,5 7,2 3,3 3,1 6,5 3,7

327,7 3,9 7,9 3,6 3,4 7,1 4,2

327,7 3,7 7,7 3,{ 3,4 6,5 4,2

273,6 3,4 6,8 3,3 3,1 6,1 3,7

216,6 3,0 5,0\ 2,8 2,6 5,5 3,3

163,9 2,6 4,9 2,5 2,1 5,0 2,9
.--

109,7 2,2 3,9 2,1 1,7 4,5 2,4

Tamp 24,2 23,6 23,5 23.2_L;O 23,0
"C

-

5.59



· ' Table S.4d
Shear stress values (Pa) for paste mixes af'Jarious shear rates

--
c/w ratio = 1,67

Shear -
rate Mix Mix Mix Mix Mix Mix
('I/s) No. No. No. No. No. No.

13 14 15' I 16 17 18

109,7 5(2 4,9 4,9 10,8 4,8

163,9 6,3 5,9 6,0 11,8 5,7
1---

216,6 7,2
T

6,7 6,9 13,0 6,5
1----'

273,6 8,0 a 7,4 7,9 14,0 7,2

327,7 8,6"
a

8,0 8,7 14,9 7,7

327,7 9,5 9,2 9,6 15,5 7,5
v

273.6 8,6 i 8,4 8,5 15,0 619

216,6 7,6 s '/,4 7,3 14,1 6,2c
163,9 6,6 a 6,4 6,2 13,1 5,4

u ,

109,7 5,6 s 5,4 4,9 11,8 4,5

Temp 24,9 24,0 24,3 23,7 25,1 23,0
°C

...--

t! c
!
\
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Table 5.4e
Shear stress values (Pa) tor paste mixesat various shear rates

and the changewithtime (t) in hours

3,8 5,9

Shear
rate
(1/ ....'

C/W ratio= 1,67.-.-------··----I"'------~---_r_----------II
MixNo. 19 MixNc. 20 MixNo.21

t=Oh t=1,5 t=3h i=5h t=Oh t=1,5 t=3h t::.:5h t=Oh t=1,5 t=3h t=5h
h h h

4,8 5,9 11,6 3,8 5,0 5,2 s,o 4,4 5,6 5,9Iv~,7

163,9 4,7 5,7 6.8 12,8 4,6 5,9 6,1 9,1 5,2 6,6 6,7

216,6 5,5 6,3 7,6 14,1 5,3 6,6 6,8 10,0 6,0 7,4 7,5 7,7.!

273,6 6,3 7,1 8,3 15,2 5,9 7,2 7,5 10,9 6,6 8,1 8,2 8,4 'I
32.7,7 7,2 7,8 9,2 16,1 6,5 7,9 8,1 11,8 7,3 8,7 8,8 9,2 I

I
1~-3-27~,7~--7~,-7~---8,~5~-1-0,~4_r-1-6-,1_+--7~,2_+~....~p:~~_r--9-'0_+-1-2-,4_+----7-,5~--8-,-9~~8,-9_r-9-,-3~1

1~_27-3~,6~,--~6i-7~-7~,6~--9~,-5~-1-5,-1_r~6~,4~----7-,7_+--8-'3_~--11_,5~---6_,-8~--8,,-1~-8,-1~-8-'6~
216,6 5,8 6,6 8,3 13,8 5,6 6,7 7,4 10,4 6,1 7,3 7,4 7,8

I~--~_I_---.:.--If--.;-_+-;.,--t_.-.;...._t_-..;..-.+_-· -!-----r---+---+---+----;.~
163,9 5,0 5,7 7.2 12,5 4,9 5,8 q!,5 9,3 5,3 6,5 6,5 6,9

109,7 4,1 4,7 6,1 11,0 4,1 4,9 5,5 B,1 4,4 5,4 5,5 5,9

Temp 24,0 25,0 24,8 25,9 23,8 24,2 24,1 24,5 24,1 24,3 23,9 2~.8
°C



Table 5.5a
Evaluation of difference between concr ete and

mortar setting times using ASTM C403-88 for ope (penetration
resistance in psi at various times); to mixes in table 4.11

Concrete Mortar 1 Mortar 2

Time Resist. Time Resist. Time Resist.

4,28 210 4,40 111 3;78 133

4,83 353 4,81 173 4,18 213

5,33 657 5,40 400 4,72 390

5,42 800 5,67 513 4,97 463

5,83 1083 5,78 573 5,08 533

6,58 1978 5,91 767 5,10 627

7,08 3520 6,44 1168 5,75 1027
',_ I-

7,45 4025 6,74 1363 6,12 154'7

7,64 4640 7,23 2001 6,65 2107

8,33 6000 7,71 3387 7,08 3347.
8,09 4027 7,45 4027

7,70 4373

NOTE: Mix using PPC Jupiter ope at C/W = 1,9
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Table 5.5b
Evaluation of difference between concrete and mortar

setting times using ASTM C403-88 for PC30FA (penetration
resistance in psi at various times); to mixes in table 4.11

Concrete Mortar 1 Mortar 2

Time Resist. lime Resist. ,Time Resist.-
5.43 50 6.10 55 502 50

6,42 200 6,47 140 5,71' 133

7,08 393 7,03 160 6,08 200

7,45 520 7,70 347 l'i,57 320--
7,52 533 8,00 497 1,.~0 583._
8,00 840 8,03 f;93 7,35 600
8,73 1453 8,67 'i027 7,65 827

9,05 1873 9,48 1720 8,23 1107

9,68 3160 9,93 2200 9,02 2000

10,47 4500 10,38 3493 9,55 3200

10,92 5(~80 10,75 4053 9,95 3787

10,35 4560-
NOTE: Mix using PPC Jupiter ope and ciassifiad Matla

fly ash at e/w = 1,9

...
5.63



Table 5.6
Initial setting time in hours (at 22 to 25 °C)

to mixes in table 4.12

% Cement source PPC Jupiter
Fly

c1w c1w c/w c/wash
1,0 1,5 2,0 2,5

iiiiiiiiOO_

0 6,40 5,50 4,95 4.25

5 7,35 6,50 5,90 5,45

10 7,75 7,50 7,15 6,25

15 8,55 8,25 7,50 7,10

30 11,00 10,80 10,50 10,25

50 14,30 14,50 14,50 14,50

NOTE: Mix using PPC Jupltsr ope and
selected Matla fly ash.

Table5.7a
Setting times of other cements with 3J'1.i without Matta fly ash; to mixes in table 4.8

o

re~~

Cement Cement Percent Initial Final
source water fly setting setting

ratio ash time time
(h) (h)

1,82 0 4,75 6,75

1,70 0 5,17 7,08
Anglo-Alpha

1,80 15 6,25 8,75

1,93 30 7,25 9,83

1,82 0 7,50 10,08

1,70 0 7,67 10,17
Blue Circle
Lichtenburg 1,80 15 9,00 11,58

1,93 30 10,83 14,00

1,90

1~ I 5,75 8,33

PPC Slurry 2,00 6,58 9,50

2,13 30 9,58 12,50

NOTE' Classified Matla fly ash used
.....1
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Table 5.7b
Setting times of other cements with ard 'without Matla fly ash

...
"

-.,.....-
Cement % fly ash/slag m:t!al Final

Cement wa:ter content setting setting
source ran~

__,
time timel'lya.sh slag (h) (h)

.... .
pPC.Jup 1,67 0 5.67 9,17

PPC Jup 1,67 - 50 6,33 11,33

BC PC15FA 1,67 15 - 6,08 8,75

BC Licht 1,67 30 - 8,33 12,83
,

LEGEND PPC Jup =
BC PC15FA =
Be Licht =

PPC Jupiter
Blue Circle 15 % fly ash cement
Blue C,/cle Llchtenburq

...
5.611



Table 5.8
Oxide and trace element analysis of two ashes

....
'.'

,~,:-i MalIa Malia
cI-nieci ~

11923 :!II 10

TtO 1%1 HI5 161

I AIO ''''''t 3050 V57

F....O, (%1 349 l',2gI IAnO 1%1 003 006

IAQC t%) 218 367

I cso 1%1 723 1454

Na.O 1%1 037 057 -
K.,O (%) 099 081

i-"'''''O"" 1%1 102 , 10

1'.0 '%1 121 183

H.O 1"1.1 ._-----l1!!Z., 013

LOI l%l 1.12 2.92

so (%1 123 2:>1

Sa (~pml 1956 2375

$-, (""onl 36 35

Zn (ppm) 35 37

Cu (ppm) 54 65

I\\i looml 55 . 76

~~ 18 ,~I
Mn :ppml 281 514

~~\ 185 1~_

~' 123 161

La (ppm) 118 11!'-

..:::a loom\ 234 231
Nd (ooml 105 105

Mo (pt::",L 18 2~

Nb (ooml 49 48

Zr io;:>m) ~- I---- 443

Y (ppm) _I 82 80

Sr (:>eml 2828 4022

U (oom\ 75 59
I=Ib (ppm) 58 .~
Th (ooml 47 44

Pb (ppm) 65 65:1
Br (pprr) <15 ,t1 '7

Se (PIlI,,1 34 83

8i 100m) 4.3 IH

As (ppm) _ 16 20

~(DDml
, I69 1~

W (oom) 11 18

~ 511 71=
...

5.66



TableS.9
Evlllu.lion 01eIIect 01 different caIior.a on mort .. selling tim.. {in hou .. ~ lJI1ng ASTMCl03

(pIIneitalion .... iltance In pei at vwiout 111I1<1Oi;to mix" in1able ~.1 t

,-

oPC PC30FA PC30FA+B PC30FA+S. PC30FA+Pb-
TIME RESIST. TIME RESIST. TIME RESIST. TIME RESIST. TIME RESIST.

4,27 120 5,08 120 6,87 60 5.40 170 5,77 ~d)- -
;~3,i

5,50 207 110 280c 483 367 7,23 5,80 6,11 ' I,
!--. ' - .....

S,17 497 5,"78 313 7,70 200 6,43 500 6,77 933

S,48 800 6,08 470 8,25 417 6,45 533 7,21 1406-
5,63 790 6,31 540 8,75 598 6,90 &37 7,63 1707

5,80 1093 6,55 680 9,25 1060 7,32 1240 8,02 2233-
6,10 1455 6,98 1047 9,75 1463 7,70 1547 8,67 4346-- •.
0,36 1807 7.75 1973 11,25 4880 8,30 2187-,
6,60 2325 8,,17 3320 8,68 3280-- ._
6,85 2793 8,75 4flOO 9,18 4800 -
7,11 3070

7,58 5626

NOTE: Classified Matla fly ash used.



T~ 5.10.
Varialiont with ti"", in ohemicaI properties I%) 01Mella fly Ph

lTl

0.1$ 23 22 03 01 V 14 04 111 13 13_" '--SAMPlE Month 05 02 10 08 04 04 03 'l1 08 U£AN SO CV
DATE - .- (%)

V_ B9 B9 8Il 118 118 118 118 87 87 _c.~
LOI 1.43 1.31 1.23 1,39 0.92 1.33 0.111 1.04 0.S5 0.72 I 1,07 0.32 30,

{fi'eo, 47/)0 47.20 4S.1.IO 47.90 47.80 47,80 48.00 46.80 49.10 !s1.70 47.98 1.1.10

/IJ~O'l !lO.m 211.80 211.80 29.90 29,80 30.70 29;80 21.80 29.90 211.90 29.49 0,94

~03 3.711 3.!;16 4,,4 4,08 ~.!iM! :1,83 3.l1li 4,28 4.20 3.11 4.1)5 O.'lO 71l'-_-,,-_:-- ....~
110:1 1.61 1,56 1.69 1.S11 1.00 1.88 1.12 1.118 1,44 1,58 1.70 0.15 II-
P:eS ',37 1.33 1,27 1.12 1.18 1.15 1,21 1.« 1,32 1,18 1,26 \ 0.11 8- \
c..o 11,11 a,18 9.69 8,78 8.00 7.11 B.55 11.30 9.32 7,51 US 0,85 10

algo 2.20 2.40 2,80 2.20 2.20 i.so 2,30 2.40 2,00 2.50 2.211 0.27 12

NIWJ 0,110 0.80 0,50 0,50 0,80 0.40 0.10 0,10 0,20 0,70 0,"5 0.25 36.
K?O 11,78 0,76 0,87 0.98 0,75 0,80 0,77 1.03 0,53 1,23 O,iti 1),19 23

N~Oeq 1,10 1.29 1.07 1,14 1.011 0,83 '81 O,7B 0,55 1,111 1,01 0,:1'.1 30

_:<J..a._ 1,01 0,85 0.75 0,70 a,s!! 0,"5 0.80 0,77 0,99 0;54 0,73 0,111 21

CI 0,00 0,00 1).00 0.00 0,01 0.00 0.00 O,tV 0,1)0 0,02 0,00 0,01 -
"



TableS.lllt>
Variation with time in chfl!11ica1 prcpertiel 1%) of L4IIhllbo fly lI$h

VI

en
\0

Semple lETHAOO LF.THABO LETHAOO LETHABO LETI-JAP': LETHA80 LETHABO lETHAOO LE11-IAOO lETHABO lETHAaO LETHAOO LETHAaO MEAN SO CV
dale 21-12-88 W-2O W-21 W-:<2 W-2'3 W-:!4 W-25 W-26 W~27 W-2B 2"J-V.ti-90 10-09-1lO (GOAOCN)

LOI 0,2'3 0,43 0,39 0,041) 0,35 0,11 30,24

9102 53,20 55,00 53,50 5~,50 55,<10 55,10 '55,50 55,00 54,50 56,00 53,40 52,80 50,93 54,56 1,06 1,94-',- ~..,oI.;I __ '

Al203 3.MO 32,20 :U,2O 113,10 32,40 32,83 :32,20 32,00 32,50 31,20 31,90 31,30 35,97 3;>,40 0,79 2,45- --..
Fe203 3,80 3,04 3,04 3,U 3,05 3,04 3,111 2,99 3,14 3.23 3,49 3,22 3,91 3,111 0,19 !I,ge

,
Ti02 1,95 1,66 1,71 1.70 1,88 I,ll!> 1,6Q ',69 1,68 1,&1 1,11: 1.11·3 1,80 1,71 0,09 5.28

P205 0,60 0,32 O,3.~ 0,32 0,35 0,3$ 0,35 0,35 O,4~ 0,3.3 0,114 0,46 O,M 0,39 0,09 2'3,56

CeO 4,lIB 3,80 3,20 _3,20 3,50 3,40 3,30 3,~ 3,60 3,70 ",88
.\

4,41 .01,66 3,7.01 0,111 111.24--MgO I,m 1,31 1,011 1,21 1,18 1,31 1,15 I,~, 1,24 1,45 1,40 >, 1,20 1,36 1,24 0,11 8,91

Na20 O,:lO a,oo 0,00 0,00 0,00 0,10 0,10 o,\'ll 0,10 0,10 0,010 ,0,30 0,32 0,13 0,14 108.5

K20 0,55 0,52 o,~ 0,56 0,47 0,48 0,411
O'~~M'

0,55 0,58 I,~5 0,53 0,51 0,04 8,45

o,4~ " i>;'~

,
Na20 0,66 o,M 0,30 :"31 0,31 0,42 0,42 0•.48 0,78 (l,B(l 0,67 0,46 O,lli 31,66
,q. J.
003 0,17 0,28 0,26 3,28 0,18 0,22 0,3.3 0,29 0,29 0,31 0,17 0,111 0,24 0,06 23,66- ~,

Cl 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0,00 0,00 0,00 0,00 0.00

Not.: pe<1od W-20 10W-2B tepr_1I 8 coneecuIive day.



Table 5.11
Setting time or mortars witll fly ash and added anions

to mixes in tabla 4.11

Setting time (% of
Mix type opc)

lnitial Final-
OPC 100' 100

PC30FA 141 138

PC30FA+S1 141 130

PC30FA+82 127 121 (
PC30FA+P3 2. 169

,;._.- .____--
PC30FA+P4 269 230

PC30FA(f) 149 136

LEGEND: PC30FA = Portland cement with 30 % fly ash
51 = Addition of sxed Sulphate ion
82 = Addition of 6xsd S>ulphate ion
Pi = Addition of sxsd Phosphate ion
P2 = Addition of 6xsd Phosphate ion
(f) = Screened fine fl)! ash

c

-
5.70



Tabla 5.12a
Setting time at different ttlmpera~.~rH:';;.(initial setting time)

with Matla fly ash; mixes detailed in table 4.12
:_

n===
% c/w Setting nrne (h)
Fly ratio T = 35 DC T == 23 -c T =15 -cash

1,0 4,25 6,4() 9,25

1,5 4,00 5,5() 8,30-0 2,0 3,50 4,9~> 7,25

2,5 3135 4,2S 6,85

1,0 7,60 ~1,O() 15,35-
1,5 6,65 10,80 14,35-

30 2.,0 6,60 10,50 14,35
f---

2,5 5,60 10,215 12,65

NOTE: Mix using PPC Jupiter ope and
selected Matta fly ash.

Tab!e 5.12b
Setting time at different temperatures (Initial and final sE~ttingtime); Matla fly ash

Mixes as detailed in table 4.13

-
Initial set (h) Final set (h)

Cement % c/w ratiosource extender T=30 T=23 T=7 DC T=30 T=23 T=7DC °C 1 °C cC °C
PPC () 1.67 4,50 5,67 13,33 6,67 9,17 16.61

PPC 50 slag 1.67 4,50 6.33 15.0(1 7,00 11,33 22,83

BIne Circle 15 fly ash 1,67 4,83 6,08 12,0() 6.67 8/ ." 17,83

Blue Circle 30 flv ash 1,67 7,00 8,33 20,5" 9,17 12,83 15,33

/
e

-
5.71



Table 5.12c
Mix proportions f,1rmlxe= t.Q study effect of non-standard curing temperatures

on setting timer 'oropornons given in kg/m3
); Matla fly ash

Material Mix No.
l

Mix No. Mix No. Mix No. Mix No.
9 10 11 13 14

OPC* 342 171 - - 216

RHPC - - 342 - -
" -

PC15FA - - - 334 -
Slag ~'"'" 171 - - --
Fly ash - - - - 93

Stene
i

1000 1000 1000 1000 1000

Sand 818 805 818 826 sza
Water 205 205 205 200 185- ~,___..-

c/w 1,67 1.67 1,67 1,67 1,67

* The OPC used was from 2 sources; for mixes 9 and 10 ex PPC Jupiter
For mixes 13 and 14 the OPC came from Blue Circle Lichtenburg -"=

o
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Table 5.13a
Mortar mix proportions (kgfm3J for setting time detarminatitll1$; L(¥.f1abofly ash

MIX A B C D

277

462

E

1428

CEMENT

TYPE

A A A A A

F

A

75

OP PC1S PC22.S PC30 PC1S PC22.S PC39 OPC
C FA FA FA FA FA FA ",

DESIGN

C:W RATIO 1,67

WATERCONTENT 287

WATER CONTENT 285

CEMENTCONTENT 485

DESIGN EO28 EO 28 EO28 DR DR DR

C:WRATIO 1,75 1,87 1,99 . 2,1 1,75 1,75 1,75 1,9

275

EO28 EQ 28 EO28 DR

145 1448
7

60 55

40

1,82

CEMENTCONTENT 505 532 554 565 500 429 471 538

SAND CONTENT 143 1399 1383 1385 1423 1570 1470 1419
2

WATERCONTENT 289 2114 278 269 286 245 269 21:,'3

f'LUMP 70 80 90 80 70 70 65 70

MIX H I J K L M N P

CEMENT B a B B B B B B
)

TYPE OP t C15 J PC22.5 PC30 PC15 PC22.5 peso OPC
C FA FA FA FA FA FA

DR DR

1,93 2,06 1,67 1,67 1,67 1,9

274 276 272

455

267280

CEMENTCONTENT 479 501 r; ., 571.'\ 461----+--- -~--~~---+------~----~---~I
1472SAND CONTENT 1416 1347 1479 1477

508
1485

65 70SLlJI1P

TYPE

55 65 60 70

o
~~ ron ron ron ~ ~ ~

~'--'--------+----r----~-----4-----+----~-----4------+----~1
O:WRATIO 1,7 1,88 2,04 2,21 1,7 1;1 1.7 1,9

MIX R STU V W X 01~-----------~~---4-----+-------~---4-----+-------~----'+------~1
OEMENY C 0 CCC Ccc

OP P015 PC22.5 PC30 PC1S PC22.5 peso OPC
C Fl'. FA FA FA FA FA

281 265 274 290 285 281 297

529 541 606 4Y3 484 478 565

SAND CONTENT 145 1409
7

1429 1334 1417 1434 1360

I~------------+----r----~----'-+-----r----~-----+-----+----~II SLUMP
I!:::==

-
70 50

5.73
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TableS.l3b
Initial and tin..t sol;ling limes ot mortars made u~ing

proportions in Table5.13a; Lett.abo tI)' ash

CEI/iNT REGIME iNITIAl FiNAL CEMENT REGIME INITIAL FINAL CEMENT REGIME I INITIAl FINAL

iBlEND SET S~T BlEND SeT SET BLEND seT SET
(mins) (mins) Cmin\ll) (min.) (mins) (mins)

OPCA HOT 290 390 OPCB HOT 300 450 OPCC HOT 230 34()
(E02S) (EO 29) lEO 28)

sm 300 450 SID 400 570 SrD 260 430'-COlO e20 930 l'CLD IlOO

I
1310 COlD 550 1000

PC1S11 HOT 260 390 PC158 HOT 320 471) PCISC HOT 230 370 i
(EQ28) (EQ28)

_,
(EO 28) ISID 340 490 SID 370 560 SID 260 440

COlD 69() 1000 COlD 900 1300 COLD GOO ~_J
PC22.5}i,. HOT :<:80 400 PC22.5 B HOT 310 490 PC22,5C HOT 240 390
(EQ28) (EO 28) (EQ28)

sm 350 550 sm 400 sea sm :lOO 490

COlD 700 1040 COLO BOO 1270 COLD GOO 1090

PC3011 HOT 270 41(1 PC30B HOT 340 500 PC30C HI')T 25() 390
(EQ."OI IEQ28) (EQ28)

SID 430 570 sm 400 590 sm 29:l liQO I

COlD 740 1100 COLD 800 126J COLD 590 1000 I-
PC15A HOT 290 400 PC158 HOT 320 410 PC15C HOT 270 390
lOR) (DR) (DR)

sm 320 0495 sm 390 550 sm 300 400-
COlO 700 1240 COLD 900 1400 COLD 590

PC22.5A HOT 300 410 PC22.58 HOT 200 430 PC22.SC HOT 290 410
(OR) (DR) (00)

SID 340 510 SID 400 620 SID 320 510
,... ,.."

COLD 450 1:?30 COlD :;50 1290 COlD 850 1210--.;
Pe3011 HOT 320 4;)0 PC308 HOT 310 440 PC30C HOT 300 430
lOR) (DR) (00)

SID 3~0 540 sm 410 900 SID I 350 560

COlD 1300 COLD 850 1400 COLO ,j ;230-



Table5.14a
Mortar mix proportions (kg/m3) for preparation of specimens

for RHem Bleed test (PPC Jupiter ope, Matta fly ash)

o

% fly l Materials c/w elW c:,/w c/w
ash 1,0 1,5 2Ji 2,5•

3()~I Water 310 , 305 320
ope 310 458 ,5116 800

0 fly ash 0 0 0 0
sand 1567 1455 1~14 1127-Water 305 302 303 314
ope 29C 430 576 746

5 fly ash 15 23 30 39
Mnd 1581 1462 1328 1146

Water 301 I 298 29$,1 308 I

ope 271 402 538 693
10 fly ash 30 45 60 77

sand 1591 1472 1338 1164, -
Water 296 293 294 302

t:::>C 252 :374 500 M2

15 fly ash 44 66 88 113
sand 160-1- 1485 1352 1183

Wa!er 291 286 285 296
opC; 204 300 39S 518

ZO fly ash 87 129 171 222

sand '16'11 1497 1369 1184
Watel 284 276 275 286

ope 142 207 275 358
50 fly ash 142 207 275 358

sand 1621 1515 1386 1196
.=-.

5.75



Table 5.14b
Volume at bleed water in miHilitres in mixes ·.vith
Malia tli ash IRilem recommendation MR-6}

c

,--_-_.
~.FlydSh _!i11e (h) clw 1,0 cIw 1,5 cfw 2,0 c/w2,5

O.2f 1,6 0,3 0,3 0,1

0,50 3,1 1,8 1,0 0,1

0 1,00 6,1 4,2 2,5 2,1

,tOO 6,8 4,6 4,1 3,9--
4,00 6,9 4,6 4,2 3,2-
0,25 0,5 0,9 "0,3 0,3

O,SO 1.7 2,0 1,7 1,3

5 1,00 4,1 3,4 3,3 3,0__ .
,

ZJO 6,9 6,5 4,9 6,21-"_.....- :---
4.0',) 6,8 7,0 4,6 5,2
"".",.
o h." 1.3 0,5 0,3 0,3,1':..") ,

0,'50 2,2 1.5 :'4 ~,2
I

",.'

10 1,09' I 5,3 3,8 I 3,4 2,5.t.

~

2,~18,8 6,2 5,S 4,2

4,00 8.5 6,5 6,7 4,5

0,25 0,8 0,9 0,4 0,3
1--._"- .

O,-:-/~I 2,3 1,7 1,1 1:~

L
-.......

15 1,00 4,2 3,5 2,7 2,4

2,00 (;,,7 6,2 4,6 4,2

4,00 6.8 6.3 5.0 4.5

0.25 0,6 0,3 0,5 0,3

0,50 1,4 1,5 1,2 0,9

30 1,00 3,8 3,1 2,8 2,1

2,00 6,3 6,1 5,0 4,5

4,00 6,& 6,5 5,4 4,9

0,25 0,6 0,5 0,3 0,1

0,50 0,8 1,7 1,0 0,6

50 1,00 3,9 2.7 2,5 2,0

2,00 5,8 4,7 3,7 3,1

L,."";~".,, 4,00 6,0 5,5 3,9 3,8

-
5.76



Table 5.15

Mortar bleeding test results using ASTM
msthod C-232 on mixes detailed in table 4.13 and 5.12c.

'j=='

Time to Total % of
Cement end of bleed possible

Type bleeding volume bleed
(mins) (m~) water

ope '\84 275 10,0,__

PC50SL 281 335 12,2

RHC 179 69 2,5.___._ .._ --
PC1fFA 359 397 14,8--
PC30FA 454 I 410 16,61_....~.

Note: The proportion of the total mix water is calculated using the mix proportions in
taolo 5.120, a sample size N 13,4 litres and the bleed volume in column 3 of this

table.

o

._
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Table 5.16
Progression of bleedi~lgwith time for
mortars made with ditterent cements

c

--......-.

OPC PC50SL RHC PC15FA PC30FA

Time Bleed Time Bleed Time Bleed Time Bleed Time Bleed
(min) vol. (min) vol. (min) vol. (min) vol. (min) vol.

i-
(ml) (ml) (ml) (ml) (ml)-

0 0 0 0 0 0 0 0 0 0
34 36 g~c?9 36 5 32 47 31 64
69 173 7'1 211 75 \,25 61 243 64 205
93 227 /i02 267 90 35 93 274 91 245
119 256 li 128 294 141 58 118 293 117 289

..162 -
149 270 317 119 69 149 315 163 317
184 275 188 323 L 178 347 184 336

\'211 330 212 361 216 356
~,

249 334 238 375 241 372

I~ -
281 335 270 383 269 383

298 390 C~3 391I -
~;_ 328 394 338 399._-

359 397 368 404

391 406~
427 408
454 410

484 412- ,-'

-
5.78



CHAPTER 6

6. HEAT OF HYDRATION

6.1 Introduction

The chemical reaction that occurs when cement is mixed with water is exothermic i.e.
heat is generated during the reaction. The heat generated is known as the heat of
hydration. The heat of hydration of a cement in a concrete is generated within the
mass of the concrete; a temperature gradient usually exists between the warm core
of concrete and the cooler surface. This phenomenon can cause problems in mass
concrete pours due to the expansion which occurs while the conor lte is still relatively
plastic, followed some time later by the development of thermal contraction stresses
as the concrete cools. The cooling occurs after the concrete has had a chance to
develop a substantial proportion of its potential compressive and tensile strength and
is therefore stiff relative to the stiffness that pertained when tt:e expansion occurred.
If the stresses resulting from the cooling exceed the tensile strength of the concrete,
or if the strain capacity of the concrete is exceeded, then cracking is likely to occur.

The heat of hydration is also of concern in IE!sSmassive concrete sections when
exposure to extreme temperatures is likely to occur at the time of casting. A concrete
that develops a reasonable degree of heat during the first few hours will be better able
to withstand low temperatures. The same concrete will, if exposed to high ambient
temperatures, develop high early strength but the long term strength is, according to
owens.'?" likely to be depressed.

Conversely, if a concrete mix develop: 1lower than normal level of heat of rydration
it is likely to be more susceptible to damage due to exposure to freezing condinons
than a mix which develops higher heat of hydration. The low heat of hydration concrete
IS however less likely to suffer damaging effects of exposure to high temperature
conditions.

Climatic conditions in South Africa are generally such that exposure to high
temperatures is more likely to occur than cold conditions, although consideration must
be given to protection of thin sections in the winter conditions on the highveld. The
South African engineer's interest in the heat of hydratlon is therefore most commonly
in the effect it has of raising the temperature of concrete during hydration. The
temperature rise of a site concrete at any given time can be expected to be equal to:

(I
(heat of hydration of cement - heat IO.§fi

heat capacity of the concrete materials used

It is generally taken that the heat of hydration of a cement at any time is a specific
quantity ie that this is a time .pendent characteristic of the cer.ient Crawfordl2

77]

regards this as a gross simplification f)1a rather complex lssus,

Cra'Atford(27S]points out that there are different ways of looking at the heat of hydration,
ie isothermal, intermediate and adlabatlc, These are depicted in the sketch ~;..;:~ :,'
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figure 6.1. Under isothermal conditions all the heat of hydration generated by the milt
is lost to 11e surroundings and Ule temperature stays constant. Adiabatic conditions
are those under which no heat is lost and are taken to represent the conditions at the
centre of a large (bigger than say a 3 m x 3 m x 3 m cube) pour of concrete; this is a
condition which lends itself to on accurate measurement of the temperature rise. The
intermediate condition is where some, but not all, of the heat of hydration is lost to the
surro:.mdings; this is the condition to which most site concrete is exposed.

Figure 6.1
Types of heat development conditions
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As the adiabatic condition simulates the worst condition in the centre of a large pour
it is the most commonly used method for laboratory work. However the results of such
testing are subject to the proviso that the temperature of the concrete at the start 4)f
the test should always be the same, as the rate at which any cement or cementitious
blend hydrates is dependent on the temperature at which the re~ct!on takes place, and
this temperature is essentially independent of the characteristics of the cement used.

Time

It is desirable therefore to control the starting temperature of the mix durin0 lest for
adiabatic heat rise. The mix proportions need to be standardised to ensure equivalent
workability and 28 day compressive strength. By using the same aggn:!gates the heat
capacity of the mix will be standardised as far as is practical. There is also a need to
understand the heat sensitivity of the mix, ie the degree to which the tate of hydration
of the cementitious material ls accelerated by the increase in temperature due to the
development of its own heat of hydration.

t""'/
o

-
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Orawtord'"? indicated that the effective heat of hydration H of a particular sample of
cernentitious material can be expressed as follows:

H = Measured temp. rise x Sum of heat capacities(sampie+containsm
Mass of cement ;n sample

The units (If the heat of hydration are kilo}oule per kilogram (kJ/kg).

Therefore, for accurate assessment of the true heat of hydraticn of any cement llsing
adiabatic equipment it is necessary to fully evaluate the heat capacity of the equipment
used as well as the concrete materials used in any mix. As this work forms only part
of a larger investigation the evaluation of the heat capacities of the cell and the
materials used will only be done at a later stage. For the purposes of this work these
parameters will be assumed constant (as the cell and the material quantities will
remain almost constant) and the relative differences between the heats of hydrafion of
ordinary portland cement and fly ash mixes will illustrate the effect that the fly ash has
on the heat generated in the mix.

6.2 Adiabatic catonmeter

An adiabatic calor'meter is an item that is not freely available in South Africa. It was
therefore necessary to build sultabl« apparatus locally.

During a technical visit to Europe in 1986 an adiabatic calorimeter was seen at the
Greenhithe laboratories of Blue Circle PLC in the UK. Blue Circle Ltd in South Africa
was approached for access to this tecnnoloqy and the necessary details were veri
kindly made available.F"

The Foundation for Research Development was approached for funding to make it
possible to assemble the equipment necessary to make an adiabatic calorimeter. The
application was approved and a start was made with final costing of the required
components.

o

Unfortunately by the time that quotes were obtained for the various electronic
components needed to assemble the apparatus, it was found that the models of the
equipment used in the Blue Circle PLC apparatus had all been superseded by more
sophisticated models at a much higher price. At Prot M Alexander's suggestion Mr G
Gibbon of the Dept. of Electrical Engineering at the University of the Witwatersrand
was approached fer advice on how best to make an adiabatic calorimeter with
reasonably priced components available in South Africa.

Mr Gibbon studied the control layout of the equipment used by the Greenhithe
laboratory and suggested that a more tlezlble heat control device could be made by
suitable modification to a standard IBM compatible XT computer with 640 kB RAM and
two 360 kB disk drives. As the price of this equipment proved to fall within the budget
available the suggestion was followed. Mr Gibbon further ~rovided invaluable
assistance, not only with the assembling of the equipment, but also with the
programming of the computer to perform tl~jedesired function. A listing of the control
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programme is given in appendix A.

The basic layout of the calorimeter is shown below in figure 6.2.

Figure 6.2: Schematic layout of adiabatic calorimeter

220V
TANK A Vol ",.50.(
TAflK B Vol"SOO.e

11, T2, 13" Platinum Resistance
T~~rmo-probe:;

RELAY

RELAY RF.cmcLPUMP

220V

HEATeR
:"0\1
ril

The detailed list of equipment used is as follows:

Uninterruptable power supply rated at 200 W for 15 minutes.
PC XT Computer with 640kB RAM and 2 x 360kS disk drives
9 pin Dot matrix graphics printer
PC 26 Analog to Digital card
PC 36 Interface card
Platinum resistance thermometers (PRT) + Transmitters
Opto 22 P240 D2 relay
Opto 22 240 1)25 relay
200 W heater element
2000 W heater element
Labstir clip on paddle unit

(1
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Solarpump 3 speed continuous rating water pump
Suitable tanks and specimen containers

6.3 Developmentof the calorimeterequipment

The personal computer (PC) was fitted with the analogue to digital card PC-26 which
enabled the system to read and act on the analogue signals generated by the platinum
resistance thermo-probes. The parallel interface card PC-36 was added to allow the
computer to control the switching on and eff of heaters H1 and H2 in the two tanks,
effected via the two relays.

The sizes of the two heaters H1 and H2 were selected after consideration of the
operating capacities of the tanks they would be required to heat, and making an
assumption about the rates at which these volumes of water would have to be heated.
Advice on this subject was obtained from the suppliers Messrs. I-icqting Element
Engineering (Pty) Ltd.

Tank A was obtained as a standard asphalt laboratory curing tank complete with
Labstir stirrer, although the standard heater was not used. The walls of this tank were
insulated and the top was covered with a 25 mm thick layer of polystyrene during a
test A deflector plate was added below the stirrer paddle (which agitated the water
vertically) to circulate the water horizontally. Tank capacity under operating conditions
Wr3.S about 50 litres.

The size of Tank B was chosen to be able to accommodate the maximum number of
test specimens thought likely for this test programme. No insulation was provided for
this tank other than a 25 mm thick sheet of polystyrene resting on the top surface of
the water. Tank 8 was fitted with the Solarpump and diffuser to ensure adequate
circulation of tho water to keep the temperature of the water as uniform as possible.
The capacity of tank B under operating conditions was about 500 litres.

Platinum resistance thermo-probes were chosen in preference to the thermocouple
used by Blue Circle in the UK!2791 on the advice of Mr. Gibbon who indicated that a
more accurate resolution could be obtained using such probes.

(I

The computer was provided with a low capacity unlnterruptable power supply (UPS)
to allow proper shutdown of the system should a power failure occur. The system was
fitted with a power sensor which was independent of the UPS and using this the full
duration of any power interruption could be recorded. The capacity of the iJPS proved
to be inadequate, even though only the PC itself was run off this supply as during the
initial phase of testing with this equipment, frequent power failures occurred, and most
of these were longer in duration than the capacity 01 the UPS allowed. The control
programme of the PCwas structured to allow automatic restart once the power supply
was reconnected. Nevertheless it was found that with long interruptions to the power
supply the tsnk temperatures dropped to the extent that the conditions could no longer
be regarded as adiabatic and the results had to be discarded.

,.../
c
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The principle of the operation of the calorimeter is as follows:-

The computer compares the temperature of the concrete sample measured by
thermo-probe T1 against the temperature of the water in tanks A and Busing
thermo-probes T2 and T3. If the temperature of either of the tanks is found to
be lower than the sample temperature by more than a preset amount (typically
-0,1 0c) then the appropriate heater is turned on by the computer. This heater
remains on until the preset amount (again typically 0,1 CC) above the sample
temperature is met. In this way the water temperature in each tank is controlled
to close to the concrete temperature, and, as it is likely that there is only a small
time lag between the concrete and water temperatures the concrete would be
exposed to adiabatic conditions.

The reason for having two tanks was that tank B allowed Suf·' ;ient room for the other
test specimens such as cubes and prisms to be cured unde. conditions matched to
those experienced by the test sample. Tank A was intended for the sample only.

Several trials were done with this apparatus. The initial tests revealed that the heating
capacity of the element in the small tank was inadequate. Itwas found that the heating
could not keep up with the specimen when the hydration rate was high. Furthermore,
losses through the probe resulted in a drop in the specimen temperature; a probe with
a smaller exposed surface was substituted and this reduced the heat loss from the
specimen. Some of the earlier work also revealed the need to provide some insulation
between the specimen and tile surrounding water as the response was found to be too
dramatic otherwise.

The losses in temperature are illustrated by the curve for mix A in figure 6.3a which
clearly shows the drop in temperature after the peak was reached at about 4 days.
The mix proportions used here are given in table 6.281.

The specimen contelner was eventually sealed into an insulating container and placed
in the large tank fot the duration of the test. These modifications to the original test
procedure craved adequate to ensure an acceptable degree of repeatability in these
tests.

(1

o

On other occasions the temperature started rising again after having appeared to
staolllse. This kind of anomaly is illustrated by mix B in figure 6.3a (from data in table
6.2a) with an apparent peak at about 5,5 days after which a further rise seemed to
occur. This kind of behaviour was thought to be associated either with drift in the
calibrations of the thermo-probes, or with settings for the tolerance for switching the
heaters on and off being inappropriate for the equipment being used. Figure 6.3a gives
only two of several problem sets of data which were produced during the learning
process with this equipment.
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Figure 6.30
Heat of hydration: OPCand PC30FA mixes
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The rest of this chapter describes the tests done to evaluate the effect of fly ash on
the development of heat of hydration of portland cement concrete mixes to provide a
better understanding of the changes that might occur to site concrete.

It should be noted that it took some time to identify the test conditions that would allow
repeatable results to be obtained. This has resulted in fewer data being avat ...iJle for
reporting and discussion in this work than was originally hoped. It should be noted that
this trend of poor repeatability has not been experienced with tests dons on a
calorimeter built using the same principles and installed at the Department of Water
Affairs laboratories in Pretoria West[280J•It is possible that discussion with the
technicians involved could help identify the problem areas with the PCI apparatus,
although it in believed that with the test procedure established after the initial series of
tests, the repeatability should be acceptable.

The following paraqraphs give the details of the final test procedure adopted. This was
the test proceaure from whlc, I the reported data were derived.

6.4 The detailed test procedure

Prior to mixing all materials were conditioned to the temperature to which the mixing
room was controlled, ie 23,5 ± 1,5 "O. The concrete was mixed at this temperature and
the temperature and other characteristics of the plastic mix were recorded.-
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The fresh concrete was compacted into the calorimeter cell and all other test
specimens such es cubes or cy!inders were made IIp after this was completed. While
the calorimeter was being readied for introduction to the curing tank the other
specimens were first covered and sealed with greased steel plates and then placed
in the large curing tank.

The control platinum resistance thermometer was inserted into the centre of the
concrete in the calorimeter cell. The programme was then initiated and all the relevant
information was typed in. The information required is shown on the blank table shown
in table 6.1. Control parameters governing the temperature differentials required for the
test also had to be fed In. As noted before the differential was typically set at +0,1 °C
and -0,1 ClC.

Once the input data had been fed in the COr.~101system could take over and read and
compare temperatures. If the temperature of the curing tank was lower than the
concrete in the cell then the computer would turn on the heater in the curing tank. The
heater would remain on until the temperature of the water in the tank was the specified
difference above or below the cell temperature.

If the temperature of the curing tank was above that of the concrete in the cell then no
action would be taken until the cell temperature caught up to and exceeded the curing
tank water temperature.

The computer recorded the time at which the cell temperature crossed each whole
degree Celsius and at everyone hour interval. This information was also displayed on
the monitor screen.

At appropriate chosen ages (typically 1, 3 and 7 days) some or all of the test
specimens in the curing tank were removed and allowed to cool out of the water, but
still sealed, for 2 hours before being tested. For the tests oescrlbed in this work the
testing was limited to compressive strength determination. The results of these tests
will be discussea in more detail in the following chapter on compressive strength.

The effect that the adiabatic heat of hydration has on other properties of hardened
concrete will be the subject of extended investigations using this apparatus. These
data were not available for inclusion in this work.

6.5 Test results

Initially the test procedure was run a number of times to evaluate the degree of
reproducibility with the equipment and method used. Once this was believed to be
acceptable the basic series of tests was started.

/
(' Table 6.2b gives the mix proportions of the mixes used for mixes 1, 2 and 3. Mix 1 was

an ope mix with cement/water ratio of 1,5. The OPC came from the PCI silo ie ex
PPC Jupiter. Kendal sand and 13,2 mm dolerite aggregates were used. Mixes 2 and
3 contained 30 % Matla fly ash in addition to the other ingredients and were made
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using a cementlwater ratio of 1,7 so as to give a similar level of compressive strength
at 28 days under standard curing to that of mix '1" All mixes were made to the same
target slump of 75 mm. The temperature of the concrete at time of' starting the
calorimeter apparatus is also given in table 6.2b" As the materials were first
acclimatised to laboratory conditions (22 to 25°C) the initial temperature was
commonly at a similar order.

it shouid be noted that wi;ile the above adjustment to the cementlwater ratio would
normally be expected to give a very similar level of compressive strength at 28 days
for the OPC and PC 30 FA mixes, in this particular case with the combination of OPC
and fly ash used this did not occur for the standard curing conditions. This will be
discussed in more detail in chapter 7.

The size of the database derived from each test is fairly substantial and too bulky to
present in this work. To simplify the presentation of the heat of hydration curves for
these tests extracts have been taken from the database for each test at preset time
intervals. The data has also been modified to a common starting temperatore for
plotting purposes although this did not actually occur in the tests. The modification was
done by the arithmetic addition or subtractiun of the difference between the actual
starting temperature and 25°C to all the other values. This approach is not strictly
valid but has been done simply to illustrate the difference between the heat developed
in the OPC and PC 30 FA mixes. This information is presented in table 6.3b for the 3
mixes from table 6.2b.

Figure 6.3b
Heat of hydration: ope ond PC30FA mixes
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These data are shown graphically in figure 6.3b. The agreement between the two PC
30 r=A results is fairly good and they lie consistently below the curve for OPC as would
be expected for a material that increases setting time and reduces early strength.

Figure 6.4
Relative maturity of PC30f A mixes
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The adiabatic heat of hydration of the OPC mix resulted in a temperature rise of 44,5
cc while the average temperature rise for the PC 30 FA mixes was 39,8 °C. Table 6.4
gives the maturity of the OPC and first PC 30 FA mix calculated using -10°C as the
base temperature. The maturity calculations have been based on the actual data
generated during the test without any modification.

Figure 6.4 shows the relative maturity of the two PC 30 FA mixes expressed as a
percentage of the maturity of the OPC mix. Again the two mixes gave fairly similar
results to each other even though the starting temperature of the two mixes was rather
different. A notable feature of the maturity of the fly ash mixes is that at an a£:3 of
about 6 hours the retardation and slow initial rate of reaction of the fly ash mixes
results in a drop in their relative maturity.

CJ

Oompresslve strength results were recorded for the OPC mix and for the first PC 30
FA mix in both standard curing conditions (ie SASS Method 863) and under
Temperature Matched Curing (TMC) conditions matched to the adiabatic heat
developmert for the particular mix. These data are given in table 6.5. Figure 6.5 shows
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'}!19development of compressive strength under the two curing regimes. Note that lite
curing regime for adiabatic conditions is not the same for the ordinary portlaild cement
and f':( ash mixes but follows the temperatures shown in figure p.3b. No compressive
strength results are available for the second fly ash mix.

Figure 5.5
Performance er OPC and PC30F A mixes
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and the fact that for this mix the maturity was always below that of the OPC mix, under
TMC conditions the fly ash mix performed considerably better than was the ease for
the ordinary portland cement mix under adiabatic conditions. This is a clear indication
that the fly ash is more sensitive, ar d responds better to the increased temperature
developed during the TMC curing. The ope mix in fact shows a reduction in
compressive strength under Tt ~Cconditions when compared against the results under
standard curing whicl'" su= orts the view expressed by owens'?" that the high
temperatures are not beneficial to ope ;fi!Xes.
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Neither mix S::lOWS much increase in compressive strength between 7 and 28 days
under TMC conditions although this is not unexpected. A rapid compressive strength
development at early ages caused by a higher than normal curing temperature
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initial strength development is slower under standard or cold curing condltlons.P"
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An attempt was made to find a modification of the maturity calculation used for
determining the values plotted in figure 6.4 so that the compressive strength .osults
(liven in table 6.5 could be explained in maturity terms. It was soon evident that such
a rnodlflcanon cannot be made by simply changing the starting temperature from the-
10°C used "'or figure 6.4 as the rates of compressive strength gain of the ordinary
portland cement and fly ash mixes differ at different ages. As there is little data
available this calculation was not pursued further. It ls believed that this would make
an interesting field for further study.

6.6 Discussion

Botha and AmtsbuchlerI282] indicated that the heat generated in site mass concrete with
40 % fly ash in a mix with a cementitious/water ratio 1;>1 1,82 results in a temperature
rise of about 11 to 15 "C above the startillg concrete temperature. This was recorded
for semi-adiabatic conditions (previously referred to by Crawford[27

8
j as intermediate

conditions - see paragraph 6.1 and figure 6.1) on site, whereas under adiabatic
laboratory conditions for the same concrete mix the tempere.t~lre rise was found to be
about 43°C. (Figure 6.3b shows a temperature rise ot about .0 °C for a 30 % fly ash
mix with a cementwater ratio of 1,7 for the PCI calorimeter). In the case of structural
grade concrete with cemenVwater ratio 2,11 the temperature rise was found to be
about 35°C under site semi-adiabatic conditions; in this case no adiabatic data were
supplied.

Data were also givenl282] of the effect of the heat of hydration on the strength
development of fly ash concrete mixes as compared anainst the values obtained under
standard curing conditions. This information will be discussed in more depth in chapter
7.
Manl et al[283] showed the pattern of heat devoloprnent to be a factor of the total
cerne.rtnlous material content of the concrete. Wh;le at low total cementitious material
content (370 kg/m3) the c.dlnary portland cement concrete had higher initial heat
development, this was not the case with a high total cementitious material content (570
kg/m3) as the early temperature rise for 5 % and 30 % fly ash content mixes exceeded
that for the ordinary portland cement mix. Interestingly, they also showed that the time
to reach peak temperature increased as the cement content increased. They indicated
that the peak temperature dropped by some 9-10 °C at a fly ash content of 30 % and
was equated to about 1 °C per 100 kg of cernentltlous content for each 15 % of fly ash
replacement. The peak also occurred later with the 30 % fly ash content mixes than
was the case with the ordinary portland cement mixes.

-

In the PCI study (shown in figure 6.3b) the peak does seem to be delayed b~' some
days with a drop in peak temperature of about 5 °c at a 30 % fly ash content. The
temperature rise apparently brought about by the OPC used (table 6.2b) S96ms to be
about 14,5 °C per 100 kg of cement. If this is true (and little data is available from this
work to substantiate this) then the fly ash used in tabla 6.2b would seem to produce
about 8 "C per 100 kg of fly ash used.

The work done by Mani et al[2e3)was done under semi-adiabatic conditions. They also
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showed the effect of the higher temperature on the compressive strength development
of the v-rlous mixes. This information is covered in Chapter 7.

6.7 Recommendation

The discussion above covers sparse local experience. The South African Department
of Water Affairs has similar apparatus to that used in this > 1. 'estigation and it is
belie , c.:j advisable that some pooling of ideas and experience should occur. A broader
spectrum of South African materials and mixes needs to be tested for a better
understandinq of the performance of all types oi concrete under adiabatic condinons,
More work is requir ed to evaluate the maturity concept for fly ash mixes using South
African materials.

-
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Table 6.1

Typical pro forma for information required at
programme initiation stage

I CF.MENT TYPE

EXTENDER TYPE
f..,..---

SAND TYPE 1

SAND TYPE 2

STONE TYPE 1

I STONE TYPE 2,-..
ADMIXTURE TYPE

~'~CEMENT CONTENT

EXTENDER CONTENT (kg/tn'J) --
SAND 1 CONTENT (kg/rd)

SAND 2 CONTENT (kg/rn3)

STONE 1 CONTENT (kg/rn3)

STONE 2 CONTENT (kg/rn3)

WATER CONTENT (IIm~)

ADMIXTURE CONTENT (1/m~)

INITIAL SAMPLE eC)
TEMPERATURE

..-.

o
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Table 6.2a

Mix proportions for OPC and PC30FA mixes per rn3 of concrete
used in test method trials for adiabatic calorimeter

.
IMaterial Mix No. Mix No.

A B-
oPC (kg) 3na 197

Fly ash (kg)
"""1

85-
Sand (kg) 884 894

Stone (kg) 1090
113~

Water (I) 205 i88

C/W ratio 1,5 1,5

f/(c+l) (%) 0,0

I .=:JStarting
~. (Oe) J ~23'5temperature 24,0

Note: Materials used in the manufacture of these concretes are as follows;

ope ex PPC Jupiter,
Fly ash ex Matla,
Kendal sand,
13,2-mm dolerite stone.

o

-
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Table 6.2b

Mix proportions for ope and PC30FA mixes per m3 of concrete
used for measurement of adiabatic heat of hydration

Materia! MixNc... Mix No. Mix No.
1 2 3

ope (kg) 308 220 226

Fly ash (kg) - 94 97,-

Sand (kg) 885 865 963-
Stone (kg) 1090 1136 1000

Water (I) 205 185 190

cIw ratio 1,5 1,7 1,7.(c+~ (%) 0,0 29,9 30,0

Start~;'.(:t
temperature (OC) 25,9 23,0 27,1- --

Note: Materials ussd in the manufacture of these concretes are as follows:

ope ex PPC Jupiter,
Fly ash ex Matla,
Kendal sand,
13,2 mm dolerite stone.

-
6.16



Table 6.3

Measurement of the temperature due to the adiabatic
heat of hydration of 30 MPa ope and PC30FA concretes

proportioned as in table 6.2b

Time after Heat development of concrete mixes
mixing -
(days) Mix No. Mix No. Mix No,

1 2 3

Corrected concrete temperature (OC)

0,00 25,0 25,0 25,0

0,25 35,8 28,5 29,5

0,50 46,9 37,S 39,3

0,75 51,4 42,2 43,3

1,00 54,5 44,8 45,9

1,50 58,7 48,5 49,2-
2,00 61,3 51,3 51,9

2,50 62,9 53,2 53,8

3,00 64,1 54,8 55,6

3,50 64,9 56,4 57,1

4,00 65,7 57,9 58,4

4,50 66,3 59,4 59,3

5,00 66.9 60,6 60,1

5,50 67,4 61,6 60,7-.
6,00 67,8 e2,6 61,1

I
6,50 eao 63,3 61,2

7,00 68,1 64,1 61,5-
7,50 67,9 64,5 61,7

8,00 68,3 65,1 61,9

8,50 68,6 65,2 ~2.L
9,00 68,8 65,5 62.4

9,50 69,0 65,5 62,7-
10,00 69,1 65,7 63,1

10,50 69,3 65,9 63,5

~

11,00 69,4 66,0 63,6-
11,50 69,5 65,9 63,7

12,00 69,5 ~c n. 63,7"""'t""-

......
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Table 6.4

Maturity of concrete cured under temperature matched
curing cycle detailed in table 6.3

I

o

r=-----
Time after Maturity of concrete mixes
mixing

MixNo. Mix No.(days)
1 2

Maturity (OC hrs)

0,00 0,0 0,0

0,25 246,6 219,0

0,50 594,0 549,6

0,75 952,2 903,6

1,00 1324,0 1267,2

1,5 2102,4 2034,0

2,0 2928,0 2846,4

2,5 3768,0 3672,0

3,0 4644,0 4521,6

3,5 5535,6 5409,6
f--

4,0 6480,0 6326,4

4,5 7430,4 7279,2

5,0 8412,0 8232,0

5,5 9398,4 9187,2

6,0 10396,8 10166,4~.-
1--.

6,5 11419,2 11122,8-
r-"

7,0 12482,4 12112,8

7,5 13536,0 13050,0
:-''''

8,0 14611,2 14035,2
i-'~

r- 8,5 15667,2 14932,8

9,0 16718,4 15876,0-
t 9,5 17784,0 16758,0

10,0 18888,0 17688,0

-
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Table 6.5

Compressive strength (MPa) of mixes from table 6.2b under
standard curing and temperature matched curing conditions

Age Mix Number 1 Mix Number 2
(days)

Standard TMC Standard TMC

Compressive strength (MPa)

1 9,5 15,0 5,2 7,4_.
3 17,0 25,0 11,0 18,0

7 24,5 31,5 ~6,5 37,5

28 34,0 33,0 25,5 38,0

c

-
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CHAPTER 7

7. COMPRESSIVE AND FLEXURAL STRENGTH

7.1 Compressive strength

7.1.1 Introduction

The compressive strength of concrete is that property 01 concrete which most
structural designers are familiar with and feel that they understand. This is probably
the reason that the compressive strength of concrete receives such attention while
aspects such as watertightness or durability are, to some extent, neglected. The fact
that the compressive strength can apparently be measured accurately using simple
site techniques is probably also responsible for some of the blind faith put on this
property.

There is little appreciation for the fact that the cube, or whatever other site test is done
to assess the compressive strength of the concrete, is simply a means to provide
information on the potential of the site concrete to meet the service requirements that
it will face during its expected service life, ie it provides information about the degree
and effectiveness of the quality control of the manufacture of the site concrete.

It is a fact that there are many intrinsic and extrinsic factors which can influence the
compressive strength of the concrete.t283] Moreover, under typical site conditions many
of these factors are present and will probably not be effectively controlled to any
extent, even for the test specimens themselves, let alone for the site concrete.

In chapter 3 some attention was given to the different methods used in proportioning
concrete mixes when using fly ash as part of the cementitious material. The aspect of
adjusting the coarse aggregate content of the fly ash mix upward relative to an ordinary
portland cement concrete mix was accepted, as mentioned in chapter 4, and this
adjustment was applied when calculating some of the mix proportions for the mixes
done in this work. However, no other changes were made to the method of
proportioning normally used by PCl.t284] Ths reason for not making such changes was
that it was considered baiter to evaluate the results of the tests done in the normal way
and then determine which adjustments could or should be made to meet the
requirements of simpliCity and reliability in a method of mix proportioning.

7.1.2 Laboratory tests on cube specimens with Matta ash

Table 5.1a gives the mix proportions of the mixes made in this work to study both
compressive and flexural strength. It can be seen that the adjustmAnt in the stone
content of the fly ash mixes amounts to about 1 kg more stone per 1% of fly ash used.
Naturally the relative density of the fly ash is taken into consideration in the
reca!culation of the mix so that the yield of the mix is correct As noted in chapter 5 the
workability of the mix as assessed by the slump test, was not always as desired. This-
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compressive strength of the concrete/"" Moreover, under typical site conditions many
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extent, even for the test specimens themselves, let alone for the site concrete.

In chapter 3 some attention was given to the different methods used in proportioning
concrete mixes when using fly ash as part of the cementitious material. The aspect of
adjusting the coarse aggregate content of the fly ash mix upward relative to an ordinary
portland cement concrete mix was accepted, as mentioned in chapter 4, and this
adjustment was applied when calculating some of the mix proportions for the mixes
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proportioning normally used by PCJ.(284) The reason for not making such changes was
that it was considered better to evaluate the results of the tests done in the normal way
and then determine which adjustments could or should be made to meet the
requirements of simplicity and reliability in a method of mix proportioning.

7.1.2 Laboratory tests on cube specimens with Matla ash

('

Table 5.ia gives the mix proportions of the mixes made in this work to study both
compressive and flexural strength. It can be seen that the adjustment in the stone
content of the fly ash mixes amounts to about 1 kg more stone per 1% of fly ash used.
Naturally the relative density of the fly ash is taken into consideration in the
recalculatlon of the mix so that the yield of the mix is correct. As noted in chapter 5 the
workabnlty of the mix, as assessed by the slump test, was not always as desired. This
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factor is ignored for the time being in discussing the compressive strength results
obtained.

The tests done to determine the compressive strength were done on 100-mm cube
specimens which were made and cured in accordance with SASS Method 863.[205J
Tables 7.1a to 7.1f give the information on the cube compressive strengths obtained
for the mixes made using the various sources of ordinary portland cement alone or in
combination with Matla fiy ash at four different cement/water ratios at ages up to 120
days. Note that in some cases the 120 day tests were omitted.

These data have been combined to give the average for the 4 different cement
samples used in these tests in order to give an average impression of the development
of the compressive strength of concrete, without the individual differences that occur
with cements from different sources playing too big a role. These average compressive
strenq'h development values are presented graphically in figures 7.1a tc 7.1d tor the
range of fly ash contents tested to make comparisons more simple. Fig~;res 7.1a to
7.1d represent the curves for a direct replacement type of mix proportioning. To give
some idea of the spread of the results, the range from lowest to highest at 28 days
was about 20 % of the mean values shown in the figures across the range of fly ash
contents used.

Figure 7.10
Compressive strenglh vs fly ash content

The mixes have been made to fixed c/w ratios; in this case the cement is taken to
include the fly ash.
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from Jupiter have not been included in the averages as it was thought that this would
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2 c 2.0 40 60 80
AGE (days)

100 120

7.2



average It was thought that the fact that 2 of the cements included in the averages
wenaob:~'i';nedfrom Jupiter was not unreasonable as the two samples were taken some
time apart.

e

Figure 7.1 b
C.,mpr,ssl'/e strength vs fly ash ~onter.t
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Compressive strength vs fly ash content
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figure 7.1 d
Compressive strength vs fly ash content

80 I
- . :.:::i ---::::--' 0% fa

Ie/¥. ratio = 2. ~. ---- --I--

t /t& ~
./

~
~ 5% fa-r./ ~ 10% fa

...........

~/ :/
-er-

115% fa

r,(' 1=10~
150% fa_!

.r-

'070a,
:::E
'--' 60
:I:
I-

~ 50
0::

In 40

o o 100 12040 60 80

~ __ . A_GE__(d_QY_S) J
20

Figures 7.1a to 7.1d show the following:

.. As the fly ash content is increased the compressive strength at any of the ages
for which results are available is reduced when compared against the control
ordinary portland cement mix, ie that shown as 0 % fly ash. This confirms the
statement made by Ravina and Mehta[78]regarding the slower stlength
development of fly ash mixes and the fact that fly ash ter.dci to reduce the
compressive strenqth. Chapter 3 gives many other references to similar findings
by other authors.

The difference between the compressive strength of the ordinary portland
cement mix at any age and the corresponding value for the fly ash mixes is
almost negligible for fly ash contents below 10 % and is smail for fly ash
contents lJPto 15 %.

The difference between the compressive strength of the ordinary portland
cement mix and that of the mlxes containing 30 and 50 % fly ash decreases as
the cement/water ratio increases. The ratio of the compressive strength of the
50 % fly ash mix to that of the Ql ~~;naryportland cement mix at 120 days i;:;
about 55 % at cement/water ratio ot 1.0while at cement/water ratio 2.5 the ratio
is about 80 %. This confirms the findings noted before in chapter 3 by Hobbs'",
Butlerl61J and Dhir et al' .4J amongst others that the value of the cementing
efficiency k used in the partial replacement method of mix proportioning is not
constant.

•

• For lavels of fly ash content above '1S % the compressive strength may only
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reach parlty with the ordinary portland cement mix at ages greater than 120
days, if ever. The likelihood of reaching parity increases with an increase in the
cementwater ratio of the mixes,

• The apparent anomaly for the 5% fly ash content mixes at ages of 90 and 120
days is due the fact that only a two results were available at th~6e points;
accordingly the results are not as broad an average as otherwise shown in this
figune.

Figures 7.19 and 7,1f show strength development curves for the pp~ factory blended
and interqrcund cements. It can be seen that there is little significant difference
between thl9 performance of the blended or interground cements at the level of 5 % fly
; )11althouqh the blended product showed a marginally better performance. At 15 %
fly ash content however it does seem that the interground product performs
consistently better that: the blended cement The difference is generally small and
appears to reduce at ages greater than 90 days.

--':'1

Figure 7.1e
Comparison of perforrnance of 5%
t)!ended and intcrground cements
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Thf:l average compresslvs strength at 28 days has been calculated for the various
cement/water ratios and different fly ash contents and these results. have been plotted
in figure 7.1g against the cemenVwater ratio. These curves have been compared with
the similar curves given in figure 11.4 in Fulton.(2116) It is noted that the curves for
ordinary portland cement and the lower fly ash content mixes are higher than is the
case for the curves in Fulton. This means that for a given level of compressive strength



the data from these tests indicate that a lower level of cemenntlous content would be
necessary than would be the case if the Fulton curves were used.
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Figure 7.1f
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It should be noted that in the preparation of the information in Fulton the data given in
tables 7.1 a to 7.11 were taken into consideration. This indicates that the spectrum of
ordinary portland cement strengths in the whole ot South Africa is wider than indicated
in these rather limited results, and that some of the compressive strengths are lower
than indicated in the results presented in this work.

The line for the 50 % fly ash mix corresponds fairly closely to the 50 % line in the
Fulton chart. This makes sense as there is only one source of fly ash used in both this
study and the wider scope of results covered in the Fulton graph; the dilution effect of
the single fly ash would tend to reduce the impact of the variability of the ordinary
portland cement compressive strengths.

From the curves in figure '7.19 it can be seen that the fly ash does have a considerable
impact on the 28 day compressive strength. The maqnrude of the reduction in the 28
day compressive strength increases with an increase in the fly ash content. This is in
agreement with most of the findings reported under 3.5.2 in chapter 3.

Figure 7.1g also provides the information needed to proportion fly ash concrete mixes
to give similar levels of compressive strength at 28 days. The target compressive
strength desired for a particular mix is used as the starting point on the y-axis; this is
extended across to the curve for the chosen level of fly ash content and this indicates
the appropriate level of cementitious/water ratio to be used. It must be noted however
that these curves are averages and can thus provide only a starting point for a
laboratory or site trial mix using the actual ordinary portland cement and fly ash for that
site. The Fultod286

] curves are more likely to give a better generalised picture for the
full spectrum of South African cements.

a would appear that fly ash mixes will usually have a higher cementitious content than
their ordinary portland cement equivalent where the strength is intended to be equal
to that of the ope mix at 28 days; the conclusion to section 5.2.1 in chapter 5 showing
a water reduction of 0.55 x fly ash content (lim3

) must however be taken into
consideration as well. To illustrate this point a practical example is provided below.

A target compressive strength of 38 MPa is required; for an ordinary portland cement
mix a cement/water ratio of 1.7 is required while in the case of a 10% fly ash mix the
cement/water ratio should be 1.85. If the water content of the ope mix is, say, 200 litres
per cubic metre then the ordinary portland cement content will be 340 kg/m3. The
corresponding water content of the fly ash mix will probably be about 194 litres per
cubic metre with the cernentltlous content of 343 kg/m3 which is only slightly higher
than the ope mix cementitious content. It is therefore not inconceivable that far a
particular combination of ordinary portland cement and fly ash the total cementitious
content could be lower than for the equivalent ope mix. This is only llkely to be the
case for low levels of fly ash content, as repeating thd example for higher fly ash
contents using figure 7.1 g will demonstrate.

This has been done and summarised in table 7.1g for a 28 day target compressive
strength of 38 MPa. In the data shown in table 7.1g the cementitious content of the fly
ash mixes is always higher than that of the equivalent CPC mix, Other combinations
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of materials may permit greater water savings and lead to fly ash mixes having lower
total cementitious contents than the control.

Figure 7.1h is a similar graph but this time plotted for the 90 day compressive
strengths at different cement/water ratios. In this graph it is noted that the curves for
the fly ash contents of 5 %, 10% and 15% virtually coincide with that for the ordinary
portland cement, except for an anomalous result at the cementiwater ratio of 2.5. This
result is low because in this case only two results were available and they were from
cements that performed more poorly than the two for which no 90 day results were
available.

in figure 7.1h the curves for the 30 % and 50 % fly ash content mixes are also closer
to the ordinary portland cement curve. This indicates that for ages beyond 28 days the
rate of compressive strengtil gain of the fly ash mixes is greater than for the ordinary
portland cement mixes. This finding is also in agreement with many of the reports
reterred to in chapter 3 (section 3.5.2.). This characteristic of fly ash mixes could be
translated into savings in cementitious content in cases where the concrete is only
likely to carry its design load at ages much greater than 28 days, and where the
compressive strength gain of the fly ash mix beyond 28 days has not been taken into
account in the structural design procedure,

Fi~urc 7.1 h
90dey compressive strength vs C/W ratio
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If, using figure 7.1h, a similar calculation to that done for figure 7.19 is carried out, it
can be seen that, when the water reduction is taken into account, the total cementitious
content of even a 30% fly ash mix will be lower than for the equivalent ope mix. This
is shown in table 7.1h.

1.0

The adoption of 90 day compressive strength specifications in not common; to date the-
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writer believes that this kind of specification has only been considered appropriate in
structures such as mass concrete and rollcrete dams. Hansenl287] has tndicatsd that
the compressive strength of concrete containing fly ash, when cured under water at
20°C, continues to increase up until an age of 3,5 years atter which little gain is
apparent.

Figure 7.2a to 7.2d shows the range of compressive strength results for each
combination of cement and fly ash tested at the various cement/water t~tios. The trend
for there to be little significant difference between the ordinary portland cement mix and
those with fly ash contents up to about 15 % noted in figures 7.1a to 7.1d is supported
by these graphs. This is particularly evident for the mixes with 5 and 10 % fly ash and
also becomes more evident with increasing cement/water ratio of the mixes. It is
possible that when the reduction in water content is taken into account, cernents with
5 %, 10 % and perhaps even 15 % fly ash could be regarded as being suitable for
direct replacement of ordinary portland cement in non-critical applications.

Other results of tests done using some other cements and Matla fly ash show that the
results for the ordinary portland cement compressive strengths fall either above or
beluw the curves given in figure 7.1g for 0 % fly ash. For 15 % and 30 % fly ash the
values recorded in these other tests fall either above -'r on the relevant curves in figure
7.1g. This is further support 7(i( the contention that this set of curves can only be used
as a first approximation during a mil< PI~oportioning calculation; inevitably, even for an
average for all ordinary portland cements in the country, there will be cases that do not
fit the a'/erage and will therefore leac' to strsngths either higher or lower than predicted
from ~he curves in figure 7.1g.

Figure 7.20
28 day compresslve strength I'onge
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Figure 7.2b
28day compressive strength range
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Figure 7.2d
28 day compressive strength range
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7.1.3 Laboratory tests on cube specimens with Lethabo ash

Similar tests were carried out on a series of different ordinary portland cements with
and without the use of classified lethabo fly ash. These results W8re obtained as part
of a large investigation done on behalf of the Cement Industry: only results that apply
to standard curing te:nperatures are reterrod to in this part of the discussion.

The mixes used were concretes cured under the same conditions as indicated in
paragraph 5.3.ES and using the same cementitious materials. In this case concrete
mixes were made using 19 mill reef quartzite stone with the other materials. The mix
proportions used are given in table 7.2a and the compressive strength results are given
in tables 7.2b to 7.21.Figures 7.3a to 7.3d show the relevant values for standard cured
mixes designeel for equivalent 2.8day compressive strength and direct replacement
conditions in both cured (ie protected by wrapping in a plastic bag) or uncured states
(no protection aqalnst desiccation in an environment of c. 50 % Ielative humidity) at
ages of ,'24haul's and 7, 28 and 56 days.

If the results for standard cured 28 day compressive strength given in table 7.2e are
plotted on the graph given in Fulton[2S6]figure 11.4, then for the cements A and B the
values plot on or close to the curves in Fulton. The cement C did not perform as well
and these results plot well below the Fulton curves. Cement C generally performed
below the levels shown by the other two cements,
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Figure 7.3a
Compressive strength
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It can be seen from figures 7.3a and 7.3c that generally the compressive strength of
the fly ash mixes under equivalent 28 day proportioning either falls within the range of
compressive strength results achieved by the ordinary portland cement mixes, or
exceeds this range at the ages of 24 h~\Jrs and 7 , 28 and 56 days as shown.

Figuie 7.3c
Compressive strength
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Figures 7.3b and 7.3d show that under conditions of direct replacement the
compressive strength of the fly ash mixes falls within or below the range of
compressive strengths of the ordinary portland cement mixes. A contractor using the
direct replacement technique with a Lethabo fly ash mix can therefore expect to stand
a greater risk of non-compliance with his compressive strength requirements than
would be the case on using an ordinary portland cement mix. This risk increases as
the fly ash content increases.

. .--- ---

.' .
-------..:;----

Direct replacement in this case represents the practice of substitution of a bag of the
fly ash blend for e bag of ordinary portland cement, but taking advantage of the
reduction in water demand that the fly ash blend allows as would probably be the
practice on site. The mixes given in table 7.2a rio not show this practice, as in the mix
proportions the cementitious/water ratio was kept constant. The results shown in the
graphs of figures 7..3a to 7.3d have been adjusted to allow for the probable site
practice by linear interporation between the results obtained for the equivalent 28 day
mixes, and those for the so called direct replacement mixes.
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Figure 7.3d
Compressive strength
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7.1.4 Simulated site curing - Matla fly ash

The kind of test results discussed in the preceding paragraphs are typical for
laboratory studies, and have been carried out under the required laboratory curing
regime of 28 days submerged in water at a temperature of 22 to 25 "C, Site concrete
is seldom exposed to this kind of curing; an attempt was therefore made to evaluate
the effects of "typical" site curing by casting relatively large blocks of concrete and
exposing them to simulated site curing on an exposed site outside the PCI laboratory
situated in Midrand, Transvaal.

The simulation of site conditions was achieved by casting relatively large blocks of
concrete outside and exposing these to the sort of conditions that might occur on a
poorly controlled construction site. These curing conditions consisted of leaving the
shutter of the blocks in place for about 48 hours after which the forms were struck and
the concrete left exposed to the weather without any further attempt to provide curing
or protection.o

L I - 2 B DAY !2?2a 56 DAY____ __~

A record was kept of the ambient temperature and humidity ranges during the period
of curing up to the time for taking the test samples from the blocks. Obviously the
temperature and humidity pattern curing this period could have influenced the results
obtained; it was therefore decided that in order to get a more realistic picture this
testing should be done with both winter and summer exposures. A repeat of one of
these tests was also planned to give sf.me idea of the repeatability of the results under
these uncontrolled conditions.
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The blocks cast in winter were cast outside in the open; no rainfall was recorded
during this period. The blocks cast in summer were stored out of doors but shelt~red
from the rain. In the test results reference is made to inner and outer or north and
south cores. The inner core sections were cut from the part of the core near the centra
of the block, while the outer section was cut so that the outermost face was about 50
mm below the surface. All cores were drilled horizontally'. The north and south
orientation gives a rough idea of the exposure; the approximately north facing side was
exposed to more sunlight, while the south face had more shade.

The blocks had the following dimensions;

Width 620 mm

Length 710 mm

Height 600 mm- .- -
The blocks having these dimensions were cast in winter ~987, summer 198711988 and
finally winter 1988. After the first series 01 tests a second size of specimen was added
to the test pmgramme, namely a beam section measuring 280 mm wide by 710 mm
long by 230 mm high. The addition of this size of specimen was intended to allow the
evaluation of the influence of the heat of hydratlon which was more likely to be
significant on the large blOCKS. It was also thought that the greater surface area to
volume ratio of the smaller specimens might make them more sensitive to the poor
curing conditions.

The mixes that were used to evaluate thf.:linfluence cf cement extenders on the actual
strength in the blocks (for blocks also read "structure") were as follows;

o

Mix No. Cementitious blend

1 OPC

2 PC 15 FA

3 PC 30 FA

4 PC 50 SL I,..

/
o

The last mix was included to provide information on the relative effects of ggbs (slag)
and fly ash on the sensitivity of the compressive strength of the mixes to poor curing.
Details of the mix proportions used are given in table 7.3a. Note that the source of fly
ash in the case of the mixes for these large blocks was Matla.
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The compressive strength testing of the large biocks was carried out by drilling
100 mm cores out of two opposite horizontal exposed faces of the blocks. The cores
were drilled to a length of about 250 mm so that the cornpresstve strength could be
determined both near the outside of the block, where curing effects, would be most
pronounced, and near the centre of the block where the heat of hydration effects would
be most pronounced.

In the case of the smaller beam specimens a similar approach was used except that
the cores were drilled horizontally right through thp. beam. Two test specimens could
be obtained from such a core, but in this case the 'ltre of the concrete would not be
represented.

Other cores were drilled from the blocks to provide specimens for water absorption
testing to DIN 1048 Part I, "Test Methods fur Concrete', Section 4.7, Impermeability to
Water".{288] The core diameter was 150 mm in this case. Abrasion testing was also
done on these blocks; the blocks done -during the winter of 1987 had the top surface
tested, while the summer and second winter test were tested on the shuttered
surfaces. The results of both the DIN water absorbtion and the abrasion resistance
tests will be described in later chapters.

During the casting of the blocks note was made of the approximate duration of
bleeding, and the time after placing at which it was possible to do the final trowelling
of the exposed top surface of the specimen.

The cores for compressive strength testing were drilled to allow sufflclent time for
cutting, capping and soaking to be done in accordance with SABS Method 865[2891so
that the 28 day values could be obtained. For each exposure face and depth from the
exposed face 3 cores were taken and the results averaged. Cubes were also taken for
each mix and these test specimens were exposed to standard SABS Method 863
curing[285]for testing at 7 and 28 days. The results of these tests are given in tables
7.3b and 7.3c for the tests in winter 19&7, tables 7 ',""".7.3e and 7.3f for the tests in
summer of 1~87/88 and tables 7.3g, 7.3h and 7.3i tor the tests in winter 1988. Some
of this information is presented graphically in figures 7.4a to 7Ac.

The details of the temperature and humidity ranges fl.')r the summer 1987-88 and
winter 1988 tests are given in table 7.4.

Studying figure 7.4a it can be seen that the cores all have lower strengths than
reflected by the cubes made from the same mix but cured under standard conditions.
The cube strength in MPa is shown by the bar on the left of each set; the other two
bars show the core strength relative to that of the cubes for that mix. Interestingly, the
relative strength for the cores taken from the outer zone of the biock is higher than that
for the cores taken from near the centre of the block where the heat of hydration could
be expected to playa more significant role. The mix with 50 % slag seems to show the
greatest degree of effect due to the poor curing when compared to the result of the
cube test. On the other hand, none of the mixes exhibited a drop in compressive
strength of the cores in excess of about 5 % of the equivalent opc results.-

7.16



Figure 7.40
Camp strengthi large bkx:ksi Winter '87
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Figure 7.4b gives similar information for the summer cast. In this case some of the
core compressive lltrengths exceed the cube strengti 15: in all casas the core strength
is higher than would be expected had the curing conditions been similar. In thls case
the mix containing 3') % tly ash seems to show the greatest benefit from this kind of
exposure. Again it is seen that the compressive strength of the outer cores is rig her
than that of the inner cores, Both the ope and 30 % fly ash mixes seem to show less
effect of poor curing in the smaller beam sections while the 15 % fly ash and 50 %
slag mixes seem to show a greater effect.

Figure 7.4c
Comp strength; large blocks; Winter '88
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This last observation is supported In the case of the ope mix in figure 7.4c for the
winter exposure of 1988. None of tile other 'nixes show any great impact of the cold
weather on the beam secilons.

The compressive streroth 'eflected by a core f,'om a concrete is generall~1believed to
be about 80 % of the compressive strength of tho same concrete in a laboratory cure.r
and tested cube, provided that both specimens have a similar curing history.[2901In the
case of the winter cured cencrete blocks the results of the cores are fairly close to this
value. The results of the tests in summer indicate 1'1atthe strength development of all
the mixes is greater in the relatively large speclmer.s in these warm conditions.

It seems that the influence of poor curing ....n the cormresslve strenqth of these large
blocks is rather insignificant, and further that the cornpressive strengths of the
concretes ma.dewith extenders are nc ~)ignificantly rr,)19 sensitive to poor curine than
the ordinary portland cement concrete. Th:s is most probably due to the fact that the
outer 50 mm of concrete is tnmmed off during the corr oresslve strength test. thus
removing the zone most effE-~ct~dby poor curing, and tv the fact that the hoat of
hydration l.islde the blocks could have accelerated ths hydration process.

(,
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1.1.5 Laboratory studies of temperature efttects

More work was done under controlled conditions in the laboratory to study the rate of
compressive strength gain when the curing temperature was either higher or lower than
the standard temperature range of 22 to 25 cC specified by SASS Method 863.

7.1.5.1 Matla fly ash

For some of these tests the mixes used were those shown in table 5.12c. It should be
noted that the same cementitious/water ratio was used in these mixes and therefore
the compressive strength at 28 days was not always the same as for the opc mix. The
concretes were exposed to three different temperature regimes namely, a cold
temperature of about 7 cC, the standard temperature as indicated above, and a warm
condlnon with a temperature of about 30 degrees. In each case the specimens were
sealed in plastic bags to restrict the moisture loss; the moisture conditions were
thsrsfore close to saturated.

The results of the compressive strength tests on the specimens exposed to these
conditions are given in tables 7.5a, 7.5b and 7.5c, and these data are plotted in figures
7.5a to j7.5c showing the strength development of the various mixes. A further set of
graphs Figures 7.5d to 7.5f show these data plotted relative to the ope strengths at
each "..Igeto give an impression of the relative effect of the temperature.

~I

('~

Figure 7.5a
Effect of cur i ng terroer ature on cerro.
strength of CPC and fly ash concretes
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Under standard conditions (figure 7.5e) with the mixes all made at the same
cement/water ratio, it is clear that the level of compressive strength at ages up to 3
days for all the blends lags behind the compressive Strength developed by the OPC
mix. At 7 days the PC 15 FA mix reached strength parity although the compressive
strength at 28 days was higher than the ope mix. In the case of the PC 30 FA mix the
28 day compressive strength was still below that of the OPC mix.

It is interesting to note that the very early strength of the fly ash mixes is lower than the
slag mix, although they catch up rather quickly, overtaking the compressive strength
of the slag mix before 12 hours. This indicates that fly ash has a greater impact on the
setting time of concrete and ccnfirms the finding on setting time described in chapter
5.

Figur'e 7.Sb
Effect of cur ing terrperature on ccrrp.
strength of CPC and fly ash concretes
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D 28d
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Cerrent used - curing teTp. (deg. C)

In the warmer environment a similar trend is evident as can be seen in Figure 7.5d.

Under the cold conditions the mixes containing the blends gain strength much more
slowly than the ordinary portland cement mix, although after 3 days the PC 15 FA mix
gives values which are not a great deal lower than those of the ope. It is significant
that while under hot or standard conditions the compressive strength of the PC 15 FA
mix exceeds that of the ope mix at 28 days this is only just the case under cold
conditions; this seems to indicate a gn:~atersensitivity to low temperatures in the fly
ash mix, under these conditions, ie on small laboratory specimens.
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In Figure 7.5f the slag mix appears to suffer a greater drop in compressive strength
relative to the ope mix under the cold "conditions than is the case for either the PC 15
FA or PC 30 FA mixes.

The ope mix shows a small drop in the t~8day compressive strength when exposed
to the cold curing when compared with the standard (ie a drop of about 3 %). The PC
15 FA mix has a more severe drop in 28 day compressive strength (about 1~ %)
relative to the standard conditions and this trend is even more marked in the case of
the PC 30 FA mix (about 23 %).

The only cement to show any significant gain in 28 day compressive strength under
warm conditions (when compared against the standard conditions) is the OPC;
however the temperature in these warm conditions is still below that which would be
expected under adiabatic conditions in a similar mi.x.

/
c

Figure 7.Se
Effect of cur ing terroerature on GCIT'p.
strength of (FC and slag concretes
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7.1.5.2

Figure 7.51
Age strength rotlo at 7 degrees
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Some of the concrete specimens made fror« the mix proportions given in table 7.2a
were also exposed to curing conditions in oven, standard or cold curing conditions. The
28 day compressive strength results for oven, standard and cold cured concretes for
the equivalent 28 day and direct replacement mixes are shown in figures 7.5g to 7.5j.
All specimens were sealed in plastic bags duril1gsuc'i exposure to keep the concrete
saturated. In some cases the bags may have become perforated during handling in
which case there would have been partial exposure to the moisture conditions in these
areas. These were as follows:

7 28

For each cement shown in figure 7.5g the oven, standard and cold cured fly ash
specimens made to equivalent 28 day compressive strength show little effect of the
different curing temperature regimes when compared against the ordinary portland
cement control p.ntormar.ce. In ~neoven cured case the fly ash mixes show a greater

0.33 0.5 1 3
Age (days)

Lethabo fly ash

Location Temperature °C Humidity (% RH)

Average Standard Average Standard
deviation deviation

Oven 29 3,2 38 15,;
1-'
Standard 22 1,3 46 10,3

~Cold 6 3,1 97 i 6,3
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improvement with the added heat than is the case with the ordinary portland cement
mixes.

Under the direct replacement proportioning method shown in figure 7.Sh this is not as
evident. In this case the trend is a slight decrease in cornpressive strength as the fly
ash content increases in the oven and standard curing cenclitions. In the cold
oondrtlons this trend is particularly marked.

Figures 7.Si and 7.5j show the results for 7 day compressive strengths for the same
mixes. Again the equivalent 28 day mixes sppear to perform Similarly to the ordinary
portland cement mix although cement C blends do show a slig'1t decline in strength
relative to the opc. In the direct replacement mixes the impact of the fly ash is even
more marked than in the cese at 28 days ..

These graphs indicate that the Lethabo fTI\' ash mixes, as is the case noted with the
Matla fly ash mixes, r. l ,leater sensi~!"'ityto curing temperature than do ordinary
portland cement mixe~ .

r--------.----- ....=~-------,__,
Figure 7.5g
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7.1.6 Temperature matched curing (TMC)

In the laboratory studies done to examine the effects of fly ash or, the heat of hydration
of concretes which have been described in chapter 6, cube specimens for compressive
strength were exposed to the temperatures developed under adiabatic curing
conditions. A comparison of the increase in compressive strength \.1f an ordinary
portland cement mix and a 30 % fly ash mix with the same 28 day compressive
strength target under standard conditions is given in table 7.6. It can be seen that the
fly ash mix shows greater gains in compressive strength at 3) 7 and 28 days under the
temperature matched conditions than is the case with the ope.

This is not necessarily a contradiction of the high temperature (30°C) results above
as the temperatures involved with these TMC tests (cured in a range of 60 to 70 CC)
are higher than in the results for the oven cured specimens shown in figures 7.5a to
7.5d and 7.5g to 7.5j.

The relative compressive strength of the fly ash mix against the ordinary portland
cement mix is also shown on figure 7.6 for both standard and TMC conditions. It is
evident from these curves that the fly ash shows a dramatic improvement in
compressive strength development wnsn exposed to these temperatures, particularly
at the early ages. At 7 days the PC 30 FA mix achieved more than 2,1 x the
compressive strength developed under standard conditions, while the ope mix showed
an increase of only 30 % relative to its standard cured specimens.

1""""/

C'
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Figure 7.6
Age strength relationship for TMC
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Botha and Arntsbuchler"?' gave results of the difference between the compressive
strength results of two fly ash concrete mixes cured using standard conditions or
temperature matched conditions. The beneficial influence of the additional heat on
these fly ash mixes was evident on particularly the early compressive strength of the
concrete. The effect was more marked with structural concrete, with a temperature rise
of 35°C over the standard conditions; the effect at this very elevated temperature is
dramatic at the early ages but stabilises after about 7 days with little apparent increase
after this age.

In the case of mass concretel~811the temperature rise was more moderate at about 12
"O above the starting temperature. In this case the benefit seems to continue over a
much longer period, but is not so marked a, \!1e early ages. This is a phenomenon that
is also evident in concretes made with rapid hardening cement when compared against
a similar ordinary portland cement concrete; a fast reaction results in a high early
strength, but the benefit is diminished at later ages.

Mani et al[282]showed a slight drop in compressive strength of ordinary portland cement
mixes at late ages if cured at high temperatures when compared against standarc
curing conditions. In the case of a 30 % fly ash mix there was little difference in the
level of compressive strength under the two curing regimes after about 56 days. The
early strength under the high temperature cured fly ash mix was much higher than
under standard conditions, and the fly ash mix showed a much greater improvement
than did the ordinary portland cement mix. It was noteworthy that under standard
conditions the 30 % fly ash mix d:d not show a great improvement in long term
compressive strength development relative to the ordinary portland cement mix
although admittedly this work was done on a direct replacement basis. The chemical
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analysis of t1')t~fly ash used in this work was rather similar to that of Lethabo fiy ash.

The indication given by Oannon'"" is that the OPC mixes suffer compressive strength
drops under high temperature conditions while the fly ash mixes show some ber.efit.
The order of magnitude of the drop in compressive strength for OPC appears to be
greater than shown by Mani et a1.1282]

It is apparent that more work is required to provide more detail of this effect including
data on the effect at ages greater than 28 days.

7.2 Summaryof findings on compressivestrength

The incorporation of fly ash as part of the cementitious material of a concrete mix
using the partial replacement method of mix proportioning is likely to result in a
reduction of the early compressive strength of the concrete when compared against an
ope control mix performance even though the 28 day compressive strengths are
similar .

This effect will be more marked as the fly ash content of the mix increases.

The cement/water ratio of fly ash mixes should be higher than that of a similar ope
mix for equivalent 28 day compressive strength. The difference between the fly ash mix
cement/water ratio and that of an OPC mix will increase as the fly ash content
increases.

The use of fly ash will, as noted in the summary to chapter 5, allow a reduction in the
water content required to give the same slump as the contra! OPC mix, with the water
reduction increasing with increase in fly ash content. The fact that the cement/water
ratio has to be increased does therefore not necessarily result in a substantial increase
in the cementitious content of the mix if advantage is taken of the water reduction. It
is possible that a fly ash mix with the same cementitious content as the control ope
mix could give a similar level of 28 day compressive strength if the water reduction
permitted by the use of the fly ash counteracts the required increase in cement/water
ratio.

o

The compressive strength ot fly ash mixes will continue to increase at a rate greater
than a similar OPC mix at ages beyond 28 days when exposed to good curing. This
is evident from figure 7.1h where it can be seen the compressive strength of fly ash
mixes with up to 30 % fly ash content will perform similarly to an ope mix with the
same cement/water ratio. This property can be used to further reduce the concrete
cost if 28 day compressive strength is not important although particular attention to
curing would be necessary if the fly ash concrete is to meet the expected level of
compressive strengt! t

If concretes are proportioned by simply replacing the ope with a fly ash blended
cement then the effect of lower early compressive strength ls liI:ely to be more marked.
Fly ash mixes proportioned this way are also less likely to reach 28 day compressive
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strength parity with a control ope mix.

Concretes containing slag or-},,,' ash extenders can be expected to show a greater
degree .01- slowing of the rate oi gain in compressive strength when exposed in thin
sections to cold ambient conditions than will be the case with an OPC concrete. This
tendency is more evident with Matla fly ash mixes than is the case for Lethabo fly ash
mixes.

Appropriate mix proportioning will tend to compensate for ths slowing in the rate of
compressive strength development of fly ash mixes, while direct replacement will tend
to accentuate this effect. .

Little improvement in the rate of compressive strength gain can be expected with
blended cement concretes when exposed to I~:~hambient temperatures unless the
concrete temperature exceeds 30 °c.

-f-------",../ i
fly ash concretes do not appa ..,__) show a more severe compressive strength
degradation (as determined by core strength determination) when exposed to poor
"site" curing conditions than is exhibited by similar ope concretes. This may be as a
result of the fact that in pre~,,'ring a core specimen in accordance with SASS Method
863 it is necessary to "im ofllr ; O:'+lf exposed concrete skin, tnus eliminating the
zone most likely to be affect j ilY tl:le poor curing.

The implications that the above changes, brought about by the use of fly ash in the
concrete mixes, have to the practical use of fly ash mixes on construction sites in
South Africa are as follows:

• Sophisticated users that modify the mix proportions of the fly ash mixes
appropriately will achieve the desired target 28 day compressive strengths with
mixes that have a similar amount of cementitious material to that of an ope mix
with the same target compressive strength.

• The early compressive strength of such mixeswill be depressed relative to what
would have been achieved with a similar OPC mix.

• These mixeswill show a tendency to be more ser.sltlvs to ambient tempsratures
with cold curing conditions resulting in a greater reductlon, and hot curing in a
greater Improvement in compressive strength 11,lr -_,~uldbe shown by a similar
OPC mix.

• The effect of poor curing, as measured in cores cut from :Iy ash concrete mixes,
will not show any negative impact on compressive strength.

7.29



• Unsophisticated users who use recipe mix proportioning will not get the fuli
benefit of the use of fly ash by direct replacement of the OPO content, and will
probably notice a reduction in 28 day compressive strength and reduced ability
to handle concrete products at early ages. These effects will b~ emphasised
whei1 tns fly ash content is above about 15 %, and will be more noticeable with
Matla than Lethabo fly ash.

7.3 Flexural or tensile strength

The mix proportions used in making the beam specimens fol'" testing in bending to
provide the flexural strength values are those given in table 5.1 a. Standard
1OOx1OOx500 mm beam specimens were made fo; testing at 23 days in accordance
with SASS Method 864: "Flexural Strength of Concrete (Including making and curing
of specimens),,[2921•

The results of the tests on these beams are given in table 7.7a.

These data have been compared against the compressive strength values for the
same mixes and the ratio of tlaxurai strength to compressive strength in % is given in
table 7.7b. The avoraqe ratio fer all the laboratory biends, ie not the 2 'faetory"
products, are shown in table 7.7c. These latter values are shown in figure T7a. The
lines shown in figure 7.7a. are t !It fit lines to the available data.

e

Figure 7.7a
Ratto of flexurall compressive strength
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l Joking at figure 7.7a it seems that there is a general trend for the ratio of flexural to
compressive strength to increase with increaslnq fly ash content although this is not
particularly noticeable for fly ash contents up to about '15%. There is also a strong
trend for the ratio to decrease as the cement/water ratio increases, although this effect
becomes less marked once the cement/water ratio exceeds 2,0. The differences in tile
ratios for the different cement/water ratios increase as the fly ash content increases.
It is worth noting that particularly high flexural to compressive strength ratios are
obtained for low cement/water ratios at high fly ash contents.

Figure 7.7b
FL8\URAL. vs COvPRESSIVE STREN3TH

OF CPC flND 50% FA MIXES

The range of cement/water ratios that is commonly specltled for pavement grade
concrete in South Africa is from 1,9 to ?,1 with a minimum cement content of about 320
kg/m3

• Figure 7.7a shows little sensitivity of the ratio of flexural to compressive strength
to fly ash content of the mix in this range, ie the ratio for a flV ash mix is similar to that
for an ordinary portland cement mix, and the above finding is of little significance for
paving quality concrete. Pavement quality concrete is that concrete in which the
flexural strength is the most important property.

It should be noted that the sets of specimens for compressive strength and flexural
strength we"e both made from the same mix. Therefore although the mixes containing
fly ash do not necessarily reach compressive strengtn parity with the ordinary portland
cement mix of the same cement/water ratio the influence of changing the cementiwater
ratio of the fly ash mixes will tend to increase both flexural and compressive strength
and the ratio between them is not e~~ected to change markedly. The trend of
increasing ratio of flexural to compressive strength with an increase in fly ash content
should therefore nr ,',be affected appreciably.
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These findings seem to contradict the findings of most other authors who have reported
on the toplG.1i11,11S,153] Much of this work was done however over a range of strengths
commonly used for structural concrete arid was thus the relatively insensitive area
01 the graph shown in figure 7.7a, is cement w 'ter ratios of 2,0 and above.

Fulton[269I,in his study of the effect of sl~-dt.1 tr., ~lr.•\J!,;:':,; strength of concretes, found
that the flexural strength of the 50/50 slag n'l. if' ~ S!-IG ;':tddmarkedly higher values for
the blended cement when compared against C,', "1~:'''1portland cement mixes at high
compressive strengths. In this study there are.L-.suTficientdata to be able to plot a
similar graph to Fulton's figure 31 with conndenco. Nevertheless such a plot is given
in figure 7.7b showing only the ope and PC 5G FA data points from this study. together
with the curve shown in figure 31 of Fulton[:''SOl.These two sets of data have been
selected to avoid confusin" the picture with too many unrelated paints.

Looking at figure 7.7b it seems possible that the fly ash mix curve could lie a little
lower than the ope curve in the area of low compressive strength, but, as stated
before. this cannot be said with gre(4~confidence.

In a study done using a selected fraction (field 2) of Lethabo fly ash Gordod2931 showed
(hat the long term flexural strength gain between 28 and 90 days for fly ash mixes was
greater than for ordinary portland cement mixes. His tests were done on specimens
exposed to standard curing. Tile results in these tests showed that the incorporation
of fly ash reduces the 28 day flexural strengfh of the fly ash mixes with the reduction
being rougl1lyproportional to the fly ash content; by 90 days the flexural strength of the
fly ash mixes had caught up to that of the ordinary portland cement mixes. These
results were similar to the effect noted in the compressive strength at 28 days.

As only 28 day flexural strengths were determined in this study, it is not possible to
confirm this finding. The pattern of 28 day strengths shown by Gordon is sufficiently
similar to the results given here for the Matla ash (table 7.7) to indicate that Lethabo
ash has a similar effect on the flexural strength.

o

Gordon agues that f i:! large increase in flexural strength of the fly ash mixes beyond
28 days would make it possible for reducticns in the cementltous content of such
mixes if it is assun _;that the level of flexural strength reached by ordinary portland
cement concrete at these later ages is all that is required. This argument unfortunately
ignores the fact that an appropriate level of early (circa 24 hours) tensile strength of
pavement concrete is essential to allow for the joints to be sawn before the cracking
caused by drying shrinkage has an opportunity to occur. Based on PCI experience with
problems with jolnt sawing in concretes made with slag extender, it is beilaved that a
reduction in cementitious content would make the concrete more sensitive to such
cracking - it could even occur before it was possible to saw without an unacceptable
degree of spalling at the edges of the sawcut. Gordon also assumes that with tht:
curing provided on site compressive and flexural strength gain of the fly ash concrete
will be similar to that shown in the laboratory; tnls is probably a rather optimistic
assumption.

.~

"

It is believed therefore that mora work is required to evaluate this property under site
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conditions to determine whether a reduction in cemennnous content to allow for the
added long term development in flexural strength of fly ash concretes is warranted.

7.4 Summary of findings on flexural strength.

The effect of fly ash seems to be that it increases the flexural strength of concrete
relative to the compressive strength to a greater degree than is the case for ordinary
portland cement concretes. In the range where pavement quality concrete is normally
specified this difference is insignificant for a fairly wide range of fly ash contents.

A warning is sounded against the simplistic argument that as the f!&xural strength of
fly ash concrete at ages beyond 28 days ;s so much higher than an equivalent ordinary
portland cement concrete, the cementitious content of such concrete could be reduced.
This argument is based on the premise that the performance recorded in laboratory
specimens will be matched by the performance of the pavement structure exposed to
probably "imperfect curing methods and ambient environmental conditions; to the
writers knowledge this has not yet been shown to be the case for any concrete - with
or without the use of extenders.

)
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r,,.:.:~I :t::r..;--: ... ,~.",..,,;:::.a
_-___

cIw-2,O cIw-2,5+ clwft1,0 eJw.' ,5-- ---~----
___J__ 3,5 ~,5 - '4,5 20,0o ------ ....

._ 3 _ 1$,7 16,0 .21,S 33,0

7 7,0 21,5 ,~ 42,5----
28 13.0 211,5 ',,3,0 54,0

-- 56 1;~~ 34,5 4\1,0 61,S

---~_~L 1---
37,S !'2,5 $6,5

120 - - - --
1 3,1; 6,5 14,(.' 19,5

5
3 11,5 13,5 26,0: 35,0

r-' '7 9,5 20,0 32,0 43,0

I
28 12,5 28,5 43,0 54,0

56 15,0, 33.0 52,5 62,D

!W 1S,l!._ 35,S 54,0 64,5--
120 .. - - -
~ ao 7,r 11,0 17,5

10 -
3 5,5 'J,5 23,5 30,5.-- 7 7,0 18,0 29,5 39,S

28 12.5 27,0 <10,0 52,0

56 16.0
i~

32,S 49,5 62.5

90 18,5 " 35,0 55,0 65,0

"120 - - - -
1 3,0 6,0 10,0 16,0

15 --
3 6,0 12,0 21,0 28,5

7 7,0 17,0 27,5 39,0

28 11,5 25,S ss.n 5<:,0

56 15,5 32.5 49,5 60.5~
00 17,0 36.5 &3,5 67.5-
120 - - - ..

"

1 2.0 5,5 8,0 9,5
30

3 4.0 10,0 18,5 24,0

i-
7 5,5 13.5 24.0 32.5

29 ;,5 23,5 38,0 47,5

56 12,5 30,5 4t!t!S 61,0

90 15,5 35,5 56,0 se.s
120 - - - -

1 I,D 1,5 4,0 5,0
50

3 2.5 4,0 10,5 16,5

7 4,0 6,5 lG.O 24,0.
28 7,5 12.5 28.0 39.0

56 !l.0 15.5 35,0 51.0

!lO 11,5 20,5 43,5 sg.O

1:10 - - -
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Table7.1b:
Compr .. sive sl'englh ,.. uKs wijh A-A Roodepoort ~

[ %
Fly ash

I
II
II

o

3

16.0

6.0

7 10,0

1s.a
23,5

35.0

o

28 15.5

45,0

26,0 35.0

'10.5 )0.0

5<1.5 66.0

~---- __ --~_--~56~+---. ---I~g~.5~~-- __ ----~4~1'~0-i-- ~~_, .~60~.~0-+ 7~3~.0~1

120

,.•, ~,~:!!., ~ ..;,76;;,;>;;.5_iI

~~ ...J., ~80";':';';;'O~i

1 - - , i --':"_I---·---~------I-----,-·,,··,··I------_;;_-II

00 :.".5
45,5

5~-

22,5

r- ~3~--------~5~.5_4----------1..;,4~.5_+-------~2~5.~O ~------~~~~.5~
ao 22.0 35,5

~------------~2;.;;.8_+---------~'4~.5~~-------3;;.4~.0~~-------~52~~.0~-- 52~.5~f
b,; , ..... 56~_1_--------~18~j~5_+----------4~1~.5~r_---------~5~9.~5_+------.---~71~.0~1

64.5go 21.5 45.0

Ir------------ ~12~v_;---------.....~2;;,;2,;;.O_+----------45~.5~~----------66~.5~r__-----, ~7;;.B~.O_;1

10
3 5.0

46.0

12.5 31.0

19,5
26 13.5

21,5
33,0

31.5 48.0 61.5

56 17.5

61.5

go

:)9.(1

43,5
57,5

sac
72.5
77.5

r------- _..;,1-r -;- · --+ ··~·~-------~115

120 ?(l,5

3 3.6

45.5

13.0

66.0

2tO

90

~----------_7_+--------~7.~_r----------l~8~.5~- __ -------~3~1,~5_t--------~4~'.5~~1
~------.-- __ -~2;.;;.8_t---------~1;2~.5~r-----------3;;.1~.0~1-----------4~7~.5_; ~~52~.;.;;.5__11

5g.0 71.5

19.0 42,5 61.5 78,(1

Ir -+ ~'2O~_r---__-..;,2~1~.0~--- __ -..;,46~.0~~-------~6;;,;8.;;.0-+ ~80;;,;.;;.5_i1

~- __------~1_+-------_+_----------_-_+---_---------~--- __---~
r- ~3_+-----------4~.0~t--------- ~8~.O~r__._------~~1~4~.0_;----------~

r_-------------~7_+------------~3~,5~r---------.--1;;.4~.O~~-----------2~'.-5_+----------~36~.6~il
r_-----------~2~8_;----------~7~~_+----------~2~A~.O_+ ------~3~6.~0_7--------.--.~

56 11.5 n.5 4S,5 68.5

30

38.0

26,5

00 15/) 31).5 57,5 75,0
120 17,5 4?5 58.0 77.5

50
3 2.0 5,5 g.O 14.5

7 2.5 )4.0

28 4.5 13.0

24.0

51.0

24.5 37.5

56 6.5 20.0

25.5
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1able 7.1C'

o

Com!:Je.sive $ltength t ... vHs .. rth Be lichlenbutg cement __'==:=(~ Ccmnressiv< ~t -'- (MPa) for mixes @%
Flya5ll

'--. cIw.1,O c!... 1,6 - cIw-2.0 ~ .. -2.5

1 4.5 -- 11',0 16,5
..,I

22,5a
s 7,5 16,5 2P,O 39,0

7 10,0 24,5 41,0 52,0

28 16,0 35,S 55,S &7,0

56 19.~ 41.5 eo.s 72,0

90 2'.0 42,0 63,5 76,0

120 - - - -.
1 4,0 e.s 11l.0 195

5
3 !I.O 104.0 2M 37.0

7 - 90 21,5 37.5 4!1.5

29 '5,0 '33.11 52.5 69.0-
511 18.5 385 sas 7M

90 19.0 41.0 63.5 -,,-.,_ -
120 - - - --

1 3.5 6.5 14,0 19.0
10

:! 60 14,0 23.5 38.0

1 9,0 21,5 34.5 4!l,S

28 15,0 33,0 !il./) 66.0

56 18.5 38.5 58,5 74.0

90 lSI,S 42.0 6:10 810

120 . - - -
I 1 3.5 7,5 13,0 140

15
,_

3 5.0 13.5 _·~,o 32,5

7 85 20,5 !l3.5 46,0

213 14,0 - 32.5 .7.5 63.5

I 56 17.5 41.0 57,0 74,5

1-'
90 19,5 45.0 63.5 77.0

120 - - - -
1 3.0 6,0 10.0 14.5

30
3 :>,5 105 17.0 28.5

7 5.5 15,0 28.0 39,S

28 10.5 25,5 43,S 57.5

56 15,5 33.0 ~1.5 70,0

90 '17.0 39,0 t2,O 785

120 - - - -
1 30 65 7.0 8,0

50
3 3,0 6,5 13,0 17,5.
7 45 95 19.0 250

:IS 7,5 17,5 31,5 42,S-
56 115 235 39,5 515

90 12.5 27,5 500 &01,5

",n

o

7.36



Tilble 71d'

I)

==« Compr.,.,. 'V8 oIr3tll:th ....ih PPC .kJpil. cement-
Fly~ /!rIm

COl!lpil:essi ve Strength (MFa) for mixes ra
cIw.l.0 cIw.',S cIw..:!,O cIw..:!,5

1 - ~ y -0 ,
3 6.5 16,0 27,5 385

7 9,0 21,0 34,S «,5

211 14.5 3o.s 45,S 56,S

56 _. '''.5 35,0 50.0 112,5

SIO ,8.0 36,5 54,0 670

120 18.5 36.0 55,S 71,0

1 - - - -5
3 6.0 16.5 27.0 36,S

7 8.S 215 34,0 «,5

211 '<1.0 30,!> 44,S 57,5

56 170 36.5 •....,__ 52,0 64,5

SIO _. ~9.0 39,5 55.a eg,5

120 ...,- 19.5 40,5 58,5 69,0

1 - - - -10
3 6.0 145 24,5 34,0

7 B.O 19.0 31,& 43,0

28 13.5 29,0 44,0 55.5

56 17.0 35.5 52,5 65.0--.., ...-
SIO 1!1.0 385 575 68,5

120 20.0 41,0 59.5 73,0

1 - - - -15
3 4.1J 12.0 22,0 32,5

7 6.5 i1,D 300 41.5

28 11.5 26,0 '&1,0 &4,5

5& 15.0 33.5 51.0 670-
00 11,0 37,5 56,S 70,5

120 lB.O 40.0 00.0 755

1 - - - -30
:3 3.0 8.5 16.0 245

1 •. 0 12.5 23.(1 34,0

28 11.0 ?'.l,S 34.5 48,0

58 13,5 211.5 «,a 61,5

90 16.S :15.0 &4.0 700

120 11.5 38,5 56.0 72,5

1 - - - -50
:3 2,0 -- 3,0 Sl,O 15,0

- 7 2.5 65 14.0 215

28 5.5 --E.2... 24,0 36,0

56 7.0 11,Ci 31,0 .-55

90 8,5 19.0 355 52,5

_,'){I " ,>" ~ IAn 'OCH

o
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Table 7.1e:
Compressive strength results with PPC blended cements

0/0 Age at Compres~tve strength (MPa)
Fly ash test (0)

,.___

cIw=1,O c!w=1,5 cIw=2,0 clw=2,5...... '/ .-
1 - - - -

5
3 6,5 16,0 28,0 37,5

7 10,0 21,0 36,0 45,5

28 14,5 30,0 46,5 58,0

56 17,5 34,5 52,0 66,0

90 20,0 38,5 57,5 71,0

120 20,0 41,0 62,0 77,5
f-o-

1 - - - -
15

3 6,5 14,0 23,0 32,5

7 8,5 18,5 31,5 42,5-
28 13,0 29,0 43,5 56,5

56 15,5 35,0 51,0 64,5-
90 17,5 38,0 57,0 69,5

120 19,0 43,5 66,0 81,5
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Table 7.11:
corn- .-ssive strength with PPC interground cements

,or..,;. . .__

% Ag~at Compressive strength (MPa)
Fly ash test (d)

cIw==1,0 c!w=1,5 ('Jw=2,O cIw=2,5

1 - - - -
5

3 8,0 17,5 25,5 39,0

7 10,0 22,S 33,0 46,0

28 14,5 31,5 45,5 58,5

56 17,0 36,0 50,0 63,0
, --,

90 18,5 39,5 54,0 69,0

120 20,5 42,5 60,0 77,5-
1 - - - -

15 - -
3 7,0 14,5 23,0 33,0

7 8 t, 19,5 32,0 43,5,iJ

28 12,6 29,0 44,0 57,5

56 16,0 37,0 53,5 67,0

90 19,0 42,0 60,5

~
120 20,0 44,5 65,S .
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Table 7.1g

Cementitious material contents of mixes t;!esigned 10 a 28
day target strength of 38 MPa calculated using figure 7.1g

and a water reduction of 0,55 x fly ash content,

Fly ash Water ope Fly ash Total
content content content. content cement+
(%) (IIm~ (kgJm~ (kg/m) fly ash

(kg/m3)

0 200,0 326,0 0,0 326,0

10 194,5 306,3 34,0 340,4

30 183,5 256,9 110,1 367,0----
5U 172,5 211,3 211,3 422,6- -

Table 7.1h

Cementitfous material contents of mixes designed to a 90
day target strength of 38 MPa calculated using figure 7.1g

and a water reduction of 0,55 x fly ash content.

Water
content
(11m3

)

ope
content
(kg/rn3)

Fly ash
content
(kg/m3)

! 0 0,0200,0 280,0

Total
cement-
fly ash
(kglm3

)

280,0
10 ,( 194,5 245,1 27,2 272,3

30 183,5 193,3 82,9 276,2

50

)

1"12,5 159,6 159,6
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T':' 7.2e.
CcncteIe m.. l"cpor1iono; fo< ....1IWation

ai lelhabo fly ash {kgIm~

MIX A B C 0 E F G

CEMENT OPe PCI5FA PC22.5fA PC.JOFA PCI5FA PC22.5FA PC30FATYPE A A A A A A A

DESIGN EQ28 0028 EO 28 DR DR DR

C:WRATJO 1,7!j 1.07 1,99 2,1 1,75 1,75 1.75

WATER CONTENT 200 135 1$12 190 1~ 192 190

CEMENT CONTENt 350 365 382 39& 341 336 33:J

STONE CONTEI~T ',21 ',21 1121 1121 1121 ',121 1121

SAND CONTEN'r 707 S92 677 559 713 718 719

SlUMP 10 30 70 75 55 85 100

I,IIX H I J K L M N

CEMENT ope PCl5FA PC22.5FA PC30FA PC15FA PC22.5FA PC30FA
TYPE B B B B !.

: B B B

OESIGN EO 28 EC28 E02S OR DR DR

C:WRATJO
:.

2.06 1.67 1,67 1,671.\ 1.67 1,82 '.93

WATER CONTENT 200 1£>" 188 185 192 188 185-
CEMENT CONTENT 334 349 363 361 321 314 309

STONE CONTENT 1121 1121 1121 1121 1121 1121 1121

SAND CONTENT 720 713 705 ~ 738 748 75(

SlUMP ss 45 70 45 11(; 80 41;

MIX R S T U V W X

CEMENT OPC PC15FA PC22.5FA PC30FA PC15FA PC22.5FA PC30FA
TYPE C C G C C C C

o::r,IGN EO liS EO 28 EQ28 DR OR OR~--
C:WRATJO 1,7 1.88 2,04 2,21 1.7 1,7 1,7

WATER CONTENT 205 200 195 190 l!OO 195 190

CEMENT CONTt:NT 349 376 398 <42(1 340 332 m
STONE CONTENT 1121 1121 1121 1121 1121 ',21 '121

SAND C'..t.'NTENT 895 570 855 640 701 715 728

SlUMP 70 95 70 80 85 90 70

Note; E028 denot. mi dc&ignocl on the ~ ai equal 28 day eompr ....... strer.glh w~h same ";ump as ope mix.
OR denotes mix with the ope cor.lent r~ with bIen<bd cemc.nt, III1dmade 10same slump as ope mix.

7.41
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Tal>Ie 1.2b
12 hour comp!....we str..-gl.'t (MPII)

IC'"'"'~_ -
CoW CURED UNCUREO

RATIO
OVEN STANDARO COlO OVEN STANDARD COLD

OPe A \ 1,15 4,6 iI,l 1 0,4 5,1 2,5 0,3
"

PC151"AA 1,87 EO 28 4,1 l,6c 0,4 4 1,2 0,3

PC22,5!=AA 1,99 EQ28 5,6 1,8 0.5 6.04 1,t 0,4.,_ ,........
i'C22.5FAA 1.99 E(;):<8 ~.2 3,1 0,4 5,4 2,Il 0,3,,_
~AA 2,1 1:'.025 4,1 1,11 0,4 5,5 1,4 0,3

PClliFAA 1,75 ;;)R 4,~ 2,6 0.3 5,2 2,5 0,3

i'C22.$FAA 1,15 DR 3,4 2,9 0,7 <1,4 2,2 D,S

PC3DFAA 1.75 DR 2,2 1,5 0,3 2,4 1,7 0,3

--oec a 1,67 2,7 1,8 0,3 3 .. 0,3.,\1-

PCl5FAB 1,82 EQ28 3,6 2,1 0,3 6,4 2,2 0,3

PC22.5FAS 1.93 EQ28 2.6 1,1 0,3 2,8 1,6 0,3

PC22.5FAB 1.9~ EO 28 ",2 2,1 C,2 3 1,5 0,2

f'C3oFAB 2,06 EQ:2B 2,7 l,B 0,3 2.1l 1,6 0."-

PC15FAB ',67 DR 2,2 1 0,2 2,4 1 0.2

P>.."'22.51'A B 1,57 OR 2,8 1,5 0,3 3,8 1.6 0,2

~~f.\ 1,67 DR 2 1.)3 0,3 2 1,3 0,3

o=c c 1,7 3,1l 2 0,7 ~,8 1,8 0,4

PCl5FAC
,

1.88 EO~B 2,11 2.6 0,4 3,3 1,11 0,3

PC22.5FAC 2,04 EQ211 3.4 2,2 0,3 5,7 2.3 0,3

PC30FAC :<.21 EO:ZB 3,1 1,7 0,4 2,9 1.8 0,4

PCl5FAC 1,1 iJf!. 2,2 1.2 0,3 2,6 1,4 0,2

PC22.5FAC 1,7 DR 2,2 1,11 0.4 2,7 1,8 0,3--
PC30F·C 1,7 DR 1,9 1.6 0,3 2 1.4 0,3

b.~-

7.42

Noc.: Ovl't'l CO'Idilions "' .... c. 30 'C ar\d 3il% RH
Standard cc.ndiliOns _8 e. 23 "C and 46 ... RH
Cold conditions _ .. c. 7 'C and 95 "';' 0M
All cured $peCimens _. _led in pjastic bAgs.
AM uncured specimens _. unsealed. '
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Table 7.21;
24 ~ comprehive strenotfl 01. LtIIhabo Ify ash mix_ iWPaj

- •
CEMENT TYPE ,~:'\'f I CURED UNCURED ,

RATIO I ~--
OVEN STANCARO COLO OVEN S1'A"'PARO j)qD

--,:
OPCA '.15 13,5 9,1 1.7 14 8.3 1.7'---'_
PCI5FAA 1.87 EO 28 13.3 7.7 1.7 12,6 e 1.4

f'C22.5FAA 1.1X! EQ26 11.5 7~ 2.2 11.3 a.5 1.7

PC22.5FAA ;,99 EO 26 la.lI 11,4 1.7 10,8 8,l i.e

PC30FAA 2.1 EO 26 10,8 /1.9 1,8 11.5 6.11
'j

1.8I

P!:15FAA 1.i'~ OR 10,g g,~ 1.5 1: 11.1 1,6
~-"

PC22.5FAA t.15 DR 1,5 8 1.6 8,6 5,9 1,2

I'C'::OFAA 1,75 DR 6,3 5~ 1,3 7,2 5,5 1

_.
Ot':: B ';,61 7.9 ! 5.8 loS 8.2 5,9 1,5

.... ,.•
PCl5FA9 1:>2 !=:Q28 9.6 5.9 1.4 11,5 6.1 1.2-
PC22.5FAB l.~~ I EQ26 7,4 5,9 1.2 i,8 6,3 1~

PC"..22.fFAB
..~~

EQ26 7,5 5.7 . ,1,2 6,9 5.5 1.11.1l!:> 1.. ,....
PC30FAB 2,u6 EQ :l& 7.3 5.5 'r••~ 7,3 B.3 1.3

; .
PCI5i'AB ',6~" OR 1},2 4.3 1 6,3 5.2 0.8

PC22.5FAB 1,81 OR 6,S ".4 1 &9 5.1 0,9

PC22.5FAB 1,67 OR S 4.1 0,9 5,7 I.' 1.3-.
PC3Qi';.\B 1,67 OR 4,6 4,2 1.3 5 04.2J ,-

.-..... .. .

OPeC 1.~~ 8,1 .o!,9 2,7 7,2 ....8 " 2,;1--
PCI5FAC 1,88 EQ28 6,5 ;; 1.6 6,4 5,3 ":,3

,-
?C22.5FAC 2,04 SQ2S 8 5 1.7 7,2 !i,3 1~

PC30FAC 2,21 EQ2S 6,1 .o!,6 1,5 . 5,5 5 1,2

PC15FAC 1.7 DR 5,2 3.5 1.2 5,B 3.8 1.1

PC2::.5F1I C 1.7 DR 5,2 ~ 1.4 5,3 3.9 1

PC30FAC 1.1 DR 4.3 3,3 1,2 .1,4 3 1

7.43

NOIe: Oven condrtion. _e c. ~o "C M<l39 "" RH
Standard condrtions __ c. 2:l "C arod 4S ');, RH
Cold condrtiona were e, 7 "C and 95 "" HI-!
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Table. 7.211
7 day O;:O"",,_IV" ,1I,ength of Lethabo lIy ash mix. (MI'll)

-
CEMENT'lYPt C;W CURED UNCURED

RATIO
OV~N STANDARD COLD OVEII STANDARD COLO

OPC}' 1.75 2e,2 26,4 111.3 24.9 ~7 17,2

PC15"AA 1.B7 EO 28 214.7 28.2 1B,4 23.1$ 21.6 18.11

PC22.5FAA 1.99 EQ28 30 23.7 20 24,2 20,8 17

P~.5FAA 1.99 E02S 30 25,2 17 23 23.5 18.8-.. - ~
PClJOFAA 2.1 EQ211 30.5 24.7 184 23.5 19.3 18,2.
PC~~AA 1.75 DR 26 23.7 15.f> 22.6 20.7 15,1- --'--'
PC22.5FAA 1,75 OR 23,2 20.3 13.9 111.6 18 14.8... -
PC30FAA 1.7!> OR 20.' 19.3 12.4 16.2 16 12.6-

I -
I Of"CB 1.&7 28 23,8 15,4 18,4 Ii .2!-._

PC15FAB 1,8~ 1:028 30.2 25,3 1e 20,3 20,:1 17,2I .....
PC22.5FAS 1,93 £:Q2!l 2M 24 16,9 18,6 19,3 17,2-
PC~.5FAB 1,93 EO 28 29,2 22,8 15.8 19 20,5 11l

PC3(lFA B 2,06 ·EQ28 ~B.8 23 17,4 18.5 18,8 17

PC15FAB ,61 OR 23,7 19,4 15,1 111.2 17.8 14,1..")~ _,_
PC2251'AS 1,1;1 vA 24,9 18,5 14.3 16.5 16,2 15.1-
PC22.5i'AB 1,67 DR 24.tl 17.4 13.5 15,6 15.8 15

PC30FAB 1,&7 DR 21.4 18 12,!; 12.5 14.1 12,1

l OPeC 1.7 21;.9 21.8 16.11 16,5 15,2 15,8

PC151=AC 1,88 EQ28 25.8 20,7 14 15,1 18 13,3

PC15FAC 1,06 EO 28 2.01.:'. 22.1 13.5 17 lll,7 1:',3,
PC22.5FAC 2,04 EQ:!8 27,9 21,8 13.8 17.8 17 -~
PC30FAC 221 EO 28 25,9 21.1 12,9 18 15,8 12,2

PC15FAC T DR ~1.4 11,4 11.1 14 14.1 n.1...... 1,7_

PC?2SFA C 1,7 OR 20,2 le,4 10,3 13,2 12,1 9,9,--~.~.,

PC3CFAC 1,7 DR 17,8 13,8 8,9 10,8 11,9 8,1,

Not.: Ov., eondrt:oos ..... c. 30 "C and 38 % AH
3ilmdard C1)ndalon$ w... e, 23 ~ and 46 '" RH
Cole <;ondiliOM w,..., e. ., "C IIl1d 95 '" 1'11'1
All c,,,od spoo:imen. W!tIe • ...r..o ;,' p!as1ic bags.
All "rlCu'od speci",.'); 'I;ere un,ealed,
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Table 7.2.
28 day compreoaive strength of lllChabo fly ash mix .. (!.IPs)

CE!.I~NTTYPE C:W CURm U!liCUFtED
RATIO I

OVEN STANDARD I COI..D O'/EN STANDARD COlD

OPe A 1,75 38,5 37,5 Z1,5 25,2 28 28,2..
PCl51'AA 1,87 EQ2B 42 ... 38.3 30.8 24.11 28,7 :!S.3
1--'-

PC22,5FAA 1.99 EQ28 42,3 37,6 X,8 28 24.11 I 33,3

PC22.5FAA 1,l1li EQ28 ~S.4 37.5 3'),3 26,8 32,8 211,5

PC30FAA 2,1 ,;Q;>8 0458 38,6 ~1,1 24,5 25.5 25,5'-'PC15FAA 1,75 D~ 37,6 3d,S 2$,1 23,6 24,3 25,1

PC22,5FAA 1,75 OR 38,S 33 24,2 20,3 ~,1 22.9

PC~OFAA 1,75 OR 32,4 32,2 20,8 17,3 19,8 20,2

,
OPCB 1,67 39 36,11 31,1 18,3 21,4 29,S

PC15FAB
~

1,82 EQ2S 44,1 39,5 28,9 21,7 23,7 28,8

PC22,5FAB 1,113 EO 28 48 41,1 30,7 11l.1 24,4 27,4

PC22.SFA B 1,93 Eel2! 46,11 36,7 26,8 20 28,? 2 .. ,1,~,

PC30fAB 2,08 EQ28 46,8 38,2 co 20 23,6 28,7

PCIS"AB 1,67 OR 33,3 32,3 24 15,11 20,2 21,7

t"C22.5FA n 1.67 DR et.a 30,1 23,1 16.9 18 22,9-
PC225FAS 1,67 OFt 38,4 29.2 ~1~3 17,7 20,5 22.5

r>C3OFAB I,G7 Df! 33 ~.e 21,11 13,3 16,7 2O~~
"--osc c 1.7 33,3 34,1 26,5 17,1 17,8 25,8

PC15FAC 1,811 EQ28 40 34.11 ~6,1 16,7 18,7 22,3

PC15FAC 1,88 E02a es 36,9 24," 18,7 27 22,6

PCU.5FAC 2,04 EQ2B 4O,~\ 37,8 25.8 18,8 18,8 22,4

PC3OI'AC 2,21 £028 2S.2 , 37.3 24,6 17,4 20,1 23,3"._-
I'CHiFAC 1,7 DR !lO 211,7 19,4 14,8 18.1 18,9

"

PC22,5FAC 1,7 en ~3,1 28,9 20,6 14.6 lS.7 111,4

PC3!lFAC 1,7 DR 32,6 25 15,8 11,8 16,3 15,2

Note: Oven condrtionl _. c. 30 'C and 38 % RH
Stand"",; conortiOns ware e. 2Z or.: anr. 48 % ::-til
Cold con~'liQPs war. c. 7'C and 115% RH
All cured ~imens y.... ""eel in pI.tic bags.
All ""etlreel 'f)8Cimen. _'" unlMled.
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TaI>I.7.2f
56 dar c:omprllllsive $\'8'1g1n 01 Letha.bt. fly ash mi •• tMPa)

I CEMENllYPE

-'-",

CoW CUFI.l:O UNCUAED
RATIO

OVEN STA.'JOAAO COlO OVEN STANDARD COlD
OPC.A 1,75 38,6 45,4 37,5 25,7 21,5 28,9.
PC151'AA 1,87 EQ2S 47,3 47,8 35,3 26,4 21,8 30

PC22.5FAA 1,99 EO 28 46,7 44,B 37,5 27,2 26,2 32,1

PC:;oFAA 2,1 EQlIS 49.3 47,9 35,7 25,7 26,8 28,3

PC15FAA 1,75 DR 41,4 40,8 29,8 25,9 26 27,3

PC22.5FAA 1,75 Oft 43,5 38,8 29,1 11l,8 22,5 25,1

PC30FAA 1,75 OR 32,1 38,5 24,1 19 20.5 21,7

OPeS 1,67 41,4 44,3 38,4 20,1 21,2 32.1

PC1SFAB 1,82 EO 28 47,1 ~7,2 34,6 23,1 24,9 30,5

PC22.5FAB 1,93 eo 28 411,6 47,2 35,4 21 24,1 29,9

I>C:lO!'Aa 2,()6 EQ::!8 "'0,1 "'7,6 33,6 21,4 21,9 30,!:!1-.
PC15FAB 1,67 DR ;J4,4 "'0 29,9 lE,1I 20 26,2

PC~.~FAB 1,67 O~ 30,1 38,2 29,4 18,7 111.7 28.1

PC30FAB 1,67 DR 32,5 3&,5 24 18 17,2 23.2I------

OPeC 1,7
1--'

PC15FAC 1,88 EQ2S 38,9 ~2,6 31,7 17.1 1912 26,2 ,
PC;>2.5FAC 2,Q.4 EO 28 41 47,8 31 19,9 ~'1 19,9

I
PC30" ~C 2,21 EQ:t8 27 46,8 3o.s 17,2 20 Ii 26,8

PC15.AC 1,7 DR 34,2 40 ';4,'1 14,7 17, , 21,6-
~"AC

;,7 OR 25,2 37,4 2~,7 14,1 16,3 22,1

AC 1.7 DR 34 3:1,$ " 129 IL~J_ le,4. c-.

Noto: Oven condrtionsw"," c. 30 "C and 38 % RH
StllJ'aard conditio", were c. 23 'C Md 45 ,. RH
Cold condrt;ons w.... c. 1 "C and 95 % RH
All cured specimen. W"'G _led in p1utic bag ••
A,j l;ncured spec:imen. wer. un_led.

)

~ I

j
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Table 7.3a:
MI:' proportions for concrete used in large blocks for evaluation of curing enects

with extenders (quantities in kg/m3
)

-
ope PC15FA PC30FA PC50SL

Material mix mix mix mix_.
Cement (PPC 350 296 250 175
Jup) -
Fly ash (Matla) - 54 111 -
Slag (VdBijl) -. - - 175

Granite Crusher 422 422 413 419
sand

Kendal sand 422 422 413 419

19 mm Granite 1050 1063 1072 1050
Stone

Water 210 201 194 208_._-- .-- r---
CIW ratio 1,67 J 1,77 1,88 1,77

Slump (mm) 1501 160 140 150

Table 7.3b:
Compressive strencm test results for cubes and cores from

large blocks in Winter 1987.

Cement 7 day 28 day Outside Outside Inside Inside
blend cube cube 28 day ratio to 28 day ratio to
used strength strsnqth core 28d cube core 28d cube

(MPa) (MPa) strength strength strength strenpth
(MPa) (0' \ (MPa) (%)- 10,

I

ope 22,0 29,0 22,4 77,2 21,4 73,8

PC15FA 20,5 32,0 28,5 89,1 25,0 78,'!

PC30FA 18,0 30,5 25,0 82,0 22? 73,1

PC50SL 18,0 34,5 27,1 78,6 2.3,5 68,1- .

7.47 ;
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Table 7.3c:
Characteristics of fresh concrete

(mixes for winter 1987)

I ....--
~Cement Approx Approx Slump

blend duration time to of
used of final concrete

Bleeding finish (mm)
(h) (h)

oPC 3,75 5,75 150

PC15FA 4,25 8,00 160

PC30FA 4,50 9,50 140-
PC50SL 3,75 7,50 150

Table 7.3d:
Compressive strength test results for cubes and cores from large blocks cast in

Summer 1987/88

I Cement 28 day Outside Outside Inside Inside
blend cube 28 day ratio to 28 day ratio to
used strength core 28d cube core 28d cube

(MPa) strength strength strength strength
(MPa) (%) (MPa) (%)

oPc 31,0 31,3 101,0 28,3 91,3-
PC15FA 31,5 ~2,0 101,6 31,2 99,0

PC30FA :::6,5 30,0 113,2 26,8 101,1

PC50SL 31,S 33,2 105,4 31,8 101,0
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Table 7.3e:
Compressive strength results for cubes and cores from small blocks cast in Summer 1987/88.

-=-
Cement 28 day North 28 North ratio South 28 South ratio

blend used cube day core to cube day core to cube
strength strength strength (%) strength strength
(MPa) (MPa) (MPa) (%)

OPC 31.0 32.0 103.2 31.7 102.3

PC15FA 31.5 30.2 95.9 30.5 96.8

! PC30FA

I
26.5

I
28.8 108,7 27.7 104.5

_=29.2
-

PC50SL 31.5 92.7 29.5 93.7

Table 7.3f:
Characteristics of fresh concrete

(Summer 1987/88)

-"

Cement Approx Approx Slump
blend duration time to of
used of final concrete

Bleeding finish (mm)
(h) (h)

ope 3,75 5,75 150

PC15FA 4,25 8,00 160

PC30FA 4,50 9,50 140

PC50SL 1,75 7,50 150
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Table 7.3g:
Compressive strength test results for cubes and cores from large blocks cast in winter 1988.

~ment 28 day Outside Outside Inside Inside
end cube 28 day ratio to 28 day ratio to

used strength core 28d cube core 28d cube
(MPa) strength strength strength strength

(MPa) (%) (MPa) (MPa)

ope 35,5 27,7 78,0 27,8 78,4

PC15FA 34,5 28,8 83,5 30,3 87,8

PC30t=A 33,S 29,8 89,0 30,4 90,9

PC50SL 34,3 26,8 78,1 26,S 77,1

Table 7.3h
Compressive strength results for cubes and cores from small blocks cast in Winter 1988.

.
Cement 28 day North 28 North ratio South 28 South ratio

blend used cube day core to cube day core to cube
strength strength strength (0/0) strength strength
(MPa) (MPa) (MPa) (%)

~-~ope 35.5 33,3 93,8 34,7 9t.7

PC15FA 34,5 29,8 86,4 29,8 86,4

PC30FA 33,S 26,7 79,7 28,7 85,7

PC50SL 34,5 27,3 79,1 26,7 77,4

Table 7.3i
Characteristics of fresh concrete (Winter 19~8)

c
I Cement Approx I Approx Slump

blend duration I time to of
used of final concrete

Bleeding finish (rnrn)
(h) (h)

ope 3,75 5,75 150

PC15FA 4,25 8,00 160

PC30FA 4,50 9,50 140.._
PC50SL 3,75 7,50 150

/
(
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Table 7.4
Ambient temperature and humidity ranges for curing period of large and small blocks (Summer

1987-88, Winter 1988)

Season Minimum Maximum Minimum Maximum
temperature temperature humidity humidity

(OC) (OC) (%) (%)

Winter 3 32 10 78.-
Summer 12 33 20 80

Table 7.Se
Compressive strength of OPC, RHC, Slag and fly ash mixes under hot conditions (c. 30°C) of

mixes detailed in table S.12c.

c

..

Compressive strength (MPa) for

Age Mix No. Mix No. Mix No. Mix No. Mix No.
(days) 9 10 11 13 14

ope PC50SL RHC PC15FA PC30FA

0,33 2,5 0,9 3,8 0,6 0,4

0,5 4,6 2,0 8,9 3,4 1,7

1 10,9 5,2 15,7 10,1 6,6-
3 20,3 11,5 26,0 17,4 14,2

I---~

7 26,3 18,7 35,9 26,2 19,7

28 36,3 31,5 44,9 37,3 31,2-

,/
c
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Table 7.5b
Compressive strength of OPC, AHC, Slag and fly ash mixes under standard conditions (c. 23 °C) of

mixes detailed in table 5.12c. .

Compressive strength (MPa} for

Age Mix No. Mix No. Mix No. MIx No. Mix No.
(days) 9 10 11 13 14

ope PC50SL RHC PC15FA PC30FA

0,33 1,5 0,5 2,6 D,3 0,2

0,5 3,8 1.i 6,2 1,6 1,2

1 8,9 3,6 11,8 7,6 5.5

3 18,2 3,4 ~ 22,2 17,1 13,0
:--

7 23,7 ';4,9 33,6 23,6 18,1

28 31,S 31,9 46,9 35,9 29,2

Table 7.5c
Compressive strength of OPC, RHC, Slag and fly ash mixes under cold conditions (c. 7°C) fo;'

mixes detailed in table 5.12c

I~
Compressive strsngth (MPa) for

'.
Age Mix No. Mix No. MIx No. Mix No. Mix No.

(days) • 9 10 10 13 . 14
ope PC50SL RHC PC15FA PG30FA-

0,33 0,5 0,2 0,5 0,0 0,0-
0,5 1,0 0,4 0,9 0,2 0,0

1 2,9 1,0 3,5 0,8 0,6

3 11,4 4,6 7,4 10,3 6,7

7 19,3 9,4 27,5 18,1 12,9

28 30,6 18,1 41,7 31,2 22,4
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Table 7.6
Effect of temperature matched curing on compressive strength of ope and OPClfiy ash blend

mixes detailed in table 6.2

-
Age Standard curing Temperature matched curing

(days)
OPC PC30FA Ratio OPC PC30FA Ratio
Mix 1 Mix 2 211 Mix 1 Mix 2 211

1 9,0 4,5 50,0 13,5 6,0 44,4

3 iSIS 9,5 61,3 22,0 '13,0 59,1

7 23,5 12,0 5t .1 31,0 26,0 83,9_...,..... .. _ ...

28 32,5 20,0 61,5-. --
Note: The data for the PC30FA mixes were derived from 2 tests on mixes 2 and

3 in table 6.2

c

/
(
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Table r.r«
Flexural strength at 28 days of concrete with and without fly ash

c

. -
% Cement Cementlwater ratio

fly ash source
C/W15 CMl2,5cr« 1,0 e/W 2,0~

PPC Jup 2,50 4,50 5,60 7,30

0 BC Licht 2.80 5,20 5,60 7,35

A-A Rood 310 5,40 5,60 6,90.._ ... " ~l
'\

PPC Jup i:,65 3,65 4,85 6,65

BC Licht 3,50 4,90 6,10 7,05

A-A Rood 3,10 4,80 5,65 6,70
5

PPGBlend 2,80 4,75 5,85 6,90

PPC Grind 2,85 4,55 5,65 6,45

PPC Jup 2,85 4,55 5,80 6,15

10 BC Licht 2,80 4,60 5,85 6,90,-
A-A Rood 3,10 4,80 5,85 5,90

PPC Jup 2,35 3,60 5,00 ~AO
r-

BG Licht 2,70 4,65 6,35 ' 1680
'" ' I

A-A Rood 2,45 4,20 5,35 -,~15
PPC Blend 2,65 4,4(' 5,15 5,65

PPC Grind 2,50 4,40 4,90 6,40

PPC Jup 2,10 3,70 4,50 5,60

30 BC Licht 2,50 4,20 5,40 6,40

A-A Rood 2,25 3,80 4,80 6,00

PPC Jup 1,50 2,95 3,55 4,3t.. -
50 BC Licht 1,65 3,40 4,50 5,25

A-A Rood 1,70 3,15 4,30 4,65

/
(
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Table 7.7b
Ratio (%) of 28 day flexural to compressive strength

c

% Cement Cementlwater ratio
fly ash source

C/W 1,0 CrW 1,5 CJW2,0 C/W 2,5
,

ppe Jup t~!2 15,0 12,7 13,2

0 BC Licht 17,5 14,6 10,1 11,0

A-A Rood 20,0 15,4 10,3 10,5

PPC Jup 20,0 12,4 11,1 11,9

BC Licht 23,3 14,6 11,6 10,7

A-A Rood 21,4 14,1 10,9 10,7
5

PPC Blend 19,3 15,8 12,6 11,9

ppe Grind 19,7 14,4 12,4 11,0

PPC Jup 21,9 16,3 13,8 11,4.
10 Be LioU 18,7 13,9 11,5 10,5

A-A Rood 23,0 15,2 12,2 9,6

I PPC Jup 20,4 14,0 12,5 12,0

Be Licht 19,3 14,3 13,4 10,7

A-A Rood 19,6 13,5 11,3 10,0
15

PPC Blend 20,4 15,2 11,8 10,0 .
PPC Grind 20,0 15,2 11,1 10,1

PPC Jup 22,7 16,8 12,4 11,7

30 BC Licht 23,8 16,5 12,4 11.1

A-A Rood 30,0 15,8 13,3 11,0

ppe Jup 23,1 23,1 13,7 n.e
50 BC Licht 22,0 19,4 14,3 12,4

A-A Rood 37,8 24,2 17,6 12,4

;'/

c
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CHAPTER 8

8. ELASTIC AND TIME DEPENDENT MOVEMENT PROPERTIES

In structural applications concrete lc required to have an acceptably pred;ctable degree
of ela~'~lc behaviour and dimensional stability, acceptably close to the design
assumptlons that have been made. This will ensure that the concrete structure will
perform as expected by the designer and that it will not show unacceptable levels of
deflection, crackino ':::reepor shrinkage.

The d.s:,:signassumptions ar~ generally based on the observed behaviour OJ concrete,
most of which has been made using ordinary portland cement as the binder. If the use
of fly ash is likely to influence the elastic or movement properties and dimensional
stability of the concrete then the effect of this should be understood, and taken into
consideration by the deslqner,

The following paragraphs give a brief, essentially introductory indication of the i:1flueoce
of fly ash on these properties. All the work covered in the following paragraphs refers
to tests done on Maila fly ash only; no work has been done on the Lethabo fly ash.

8.1 Elastic modulus

An elastic rnaterlal is one whloh will recover cornplete'y from a load-induced
deformation once the load is rerr sd. Concrete, however, is not an elastic material
as the recovery from the load-induced deformation will generally not bo complete. Nor
is the stress-strain relationship for concrete a linear relationship. As the relatlonshlp
is not linear it is impossible to talk of a unique value for the elastic modulus (i.e. the
ratio of applied compressive stress to longitudinal strain, otherwise knuwn as ~he
Young's modulus) without defininp the point on the curve at which it is measured.

( Fultod294J lists three forms of static elastic modulus, namely the secant, the initial
tangent and the tangent moduli. The different moduli are shown in figure 8.1. in the
research covered here the value provided is the secant modulus. although the inaia!
tangent rncdulus in this case has the same value since over the range of stress tested
at age 28 dB.Ysthe tests generally provided straight line relatlonships with the tangent
and secant i110dulicoinciding./

(

Table 8.1 gives the details of the mixes used in making the concrete specimons on
which the elastic modulus. tests were done. PPC Jupiter ope was used in all these
mixes.
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Figure 8.1
Forms of elastic modulus

Strain

The elastic modulus tests were done in accordance with PCI method 7.61 which is
based on the BS 1881 part 1212 for the method, and on ASTM C469-87a3 for the
apparatus.

Tables 8.2a to 8.t.i give the values measured at 28 days for the different cements
used in this investigation at the various levels of fly ash replacement adopted. It should
be noted that as for the compressive strength results the fly ash has been used as a
straight replacement and no adjustment has been made for the difference in 28 day
compressive strength.

Figure 8.2a shows the comparative values of elastic modulus against compressive
strengt!" for the three cement sources tested. It should be noted that in the case of the
PPC Jupiter cement the compressive strength results are en average of 2 sets of

c ------~--------------~
1 Portland Cement Institute, laboratory MAnual,The static modulus of elas" ,ity

of concrete and mortar, Halfway Houso: PCI, 1986, Chapter 6, 5 pp,

2 British Standards Institution, Method for Determination of Statin Modulus of
Elasticity in Compression, London, 8SI., (1983). (8S 1881 Part 121).

3 American Society for Testing and Materials, Standard Test Method for Static
Modulus of Elasticity and Polsson's Ratio of CQ, Icrete In Compression,
Philadelphia: ASTM., (1987). (C46!~ 87a).

8.2
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results from tables 7.1a and 7.1d. but there was only one equivalent set of elastic
modulus test results for the PPC Jupltsr control cement from the PCI silo. Also shown
On this graph is the curve for elastic ' iooulus against compressive strength given in
Figure 7.17 in Fulton[294J•

It is clear that all the results shown here lie above the Fulton curve, i.e. all the mixes
made have higher moduli at any chosen level of compressive strength than shgwri on
the Fulton curve for other South African cements and are ~~erefore stiffer.

The type of aggregate and the aggregate content of the mix are significant factors that
influence the elastic modulus of the concrete. The doler!t,~ coarse agg~egate used in
the mixes tested in this work is one of the stiffer aggregate types available in South
Africa, and according to Davis and Alexander[295Jits use results in concretes with higher
than average elastic moduli. It is therefore not surprising that the overall impression for
the ordinary portland cement concretes made here is that they are stiffer than is the
case for many of the mixes tested and shown in the Fulton curve.

,

Although there are not many data in Figure B.2a from which an assessment can be
made it appears that thsra is not much difference bet~;een the elastic moduli for the
diff&rent sources of ordinary portland cement tested in this work.

Elastic modulus (GPa)SOC i 1 . lJ: : : +
1 l -+- 1 '*'10 + + * )......... .
1 • ~ l

30 ( i·..·· ··..······..···t··· ··· ··..·
i!f. i l 1
• ~ ~ j20 : ..·..·..·· ···..···r· ·· ··..· T· ···· · ..

1: " ..j -[..........j- j
o

Figure 8,2a
Elastic modulus vs compressive strength

for a II 0 p c' 5 t e s ted

Cement source

• PPC JuP
+ Be Licht
* A·A Rood
-e- Fultonl294!

20 40 60
Compressue strength (MPa)

80
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Figure 8 ~b
Elas tic mod ulu s vs C ornpres sive 5 t re n9 t h

for all cernents and blends tested

,. Elastic modulus (GPa)
J°r-T'~l ---'--1~
40 ~ + ~~..~ ..~.~~ .
.' l~~i~ I
30 f-·············..·····..···i·x··..··*··:::..~~ ..·....··........··....·..1··.. ·.. ·· .. ··.. ··· .. ·•·.. ··

~ol ~ j 1
20 -· ;[;;~~¥ ··..·!··..· ·..·..· ··I..· ··· "106~/ ~..: J ./. .7

1
l 1

o l i i
o 20 40 60 80

Comptesstve strength IMPa)

Cement blend
• OPC

+ PCSFA

"* PCIOFA

I
n PG15FA
x PC3IJFA

I
<> pcs OFA

-A- FUllonl29~

Figure 8.2b shows all the data fOI ordinary portland cement and the full range of fly
ash blends tested, In this case it would seem that there is little difference between the
ratio of elastic modulus to compressive strength for an ordinary portland cement mix
and that for a blended cement mix, even with fly ash contents up to 50%. These
findings therefore confirm the opinion of the majority of authors
consulted[4,t,109,111,11S,134,147,149,153,1S5]i.e. that the use of fly ash does not have a significant
impact on the elastic modulus of the concrete.

This trend is also confirmed by MukhI9ibir[296]for concretes made with classified
Lethabo 'll~f ash. The work done by Mul'(heibir[296]included both static and dynamic
methods of elastic modulus determination

Other elastic modulus data from creep tests (to be discussed in paragraph 8.i!.3 of this
chapter) are given in table 8.2e. These values have been determined from short term
elastic deformations that occurred under initial load for the creep tests in different
apparaius from that used for the above test results. If these data are plotted on figure
8.2b they fall within the scatter of the other points plotted on the graph, and therefore
can be taken as confirmation of the above findings.

It is also apparent from the data shown on figure 8.2b that the magnitude of the
influence of fly ash on the elastic modulus of concrete is insignificant relative to the
effect of a change in aggregate type or concentration in the mix. This is shown by
picturing best fit lines through the various sets of points for the different fly ash
contents; there is little apparent difference in slope of the different lines.
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No work has been done in this study to evaluate the effect of the use of fly ash on
Poisson's ratio. It is expected that the same trend will be found as for the elastic
modulus, l.e. the effect of the fly ash will be negligible, especially in comparison witt.
the effect the aggregate type and concentration can have.

8.1.1 Summary of findings on elastic modulus

The use of fly ash seems to have little significant impact on either the elastic modulus,
or the relationship between the elastic modulus and the compressive strength of the
mix.

8.2 Movementproperties

Shrinkage and creep are the movement characteristics of greatest interest and concern
to the designer of concrete structures. The influence of fly ash on these properties is
covered in the following paragraphs.

8.2.1 Shrinkage

Volumetric change of concrete or mortar wil! occur j't the moisture content changes,
with swelling occurring when the moisture content increases (as for example on
eubmerslon) and drying shrinkage ocourrlno when the concrete or mortar t;. allowed to
lose moisture to the environment. Although this phenomenon is a volumetric one the
linear strain is probably of most concern. Shrinkage, is a tlms-dependert,
non-load-induced strain.[297)

Both concrete and mortar wiil genmally contain more water In their plastic states than
can be chemically bound by tl1e cement. After hardening there is therefore a tendency
for the concrete or mortar to lose water to the atmosphere resulting in drying shrinkage.
The magnitude of the shrinkage that occurs is proportional 10 the water content of the
mix. As the incorporation '1f fly ash allows a reduction of the water content of "he mix
the expected effect of fjy ash on shrinkage would be to reduce the magnitude of
shrinkage.

The tests in this study to evaluate this effect were done using a modification of SABS
method 836[293),In this test, normally done to evaluate the shrinkage potential of an
aggregate specimen, mortar specimens measuring 50x50x280 mm were made with a
single source of cement, i.e. PPC Jupiter, and the Ecca grit sand. The mix proportions
used are detailed in table 5....4a. No control specimens were made, nor was use made
of a control or standard sand. In ccntrast to the standard method, mixes were made
to the same range of cement/water ratios as for the compressive strength tests.
Another deviation from the standard method was that fly ash was used in the mixes.
The curing regime used was that required by SABS method, with 24 hours in the mould
at 22 to 25°C, 6 days in water at the same temperature, and then exposure in an oven
at 55 °C and 18 % FtH for about 14 days.

The full range of fly ash contents was used in making the specimens which were then
exposed to the normal curing and drying regime specified by SASS method 836. The
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results of these tests are shown in table B.3 and depicted graphically in figure B.3a.

Figure 8,3a
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Table 8.4 gives the equivalent information tor the interground and interblended cements
from Jupiter.

Although there is some scatter of results it is clear from figure 8.3a that the
incorporation of fly ash in a mortar has the effect of decreasing the magnitude of the
drying shrinkage that occurs under the standard conditions to 'Nhich it is exposed
during the test. It is also evident that the drying shrinkage of these mortars increases
as the cementitious/water ratio increases, although this is less marked for the high fly
ash mixes.

Table 8.3b gives the data from table B.3a as a proportion of the mixing water used,
These data are shown in figure 8.3b. From figure 8.3b it appears that the reduction in
the drying shrinkage that OCCUiS when fly ash is lncerporated in a mix is largely due
to the reduction in water content permitted by the fly ash as the drying shrinkage
results are more uniform than is the case in figure B.3a.

8.6
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Figure 8.3b
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The fly ash mixes used in these tests, having the same cementitious/water ratio, will
probably not give equivalent 2B day compressive strengths to the ordinary portland
cement mix. The modification required by chapter 5 to give sirnilar 2e day strengths is
to increase the cementitious/water ratio. )oing this could result in the r egation of any
reduction in the magnitude of drying shrinkage that might occur. This calculation has
been done using figure 7.19 to determine the required cementitious/water ratios for
equivalent strength. The revised d,ying shrinkage as proportions of the water contents
are shown in table B.3c. This table indicates that while for lean mixes (c/w of opc mix
= 1,0) there is a moderate increase in ~he proportion of shrinkage as the fly ash
content increases, this is in contrast to the values for "structural" grades of concrete
(ie the other two columns shown). The magnitudes of the shrinkages of all the
comparable mortars are however very similar.

_ CIW1,0

~ CIWI,5
Emil CIW 2,0
~ CIW2,5

A further characteristic to be studied is the creep of concretes made with and without
fly ash. In order to properly assess the creep of concretes it is necessary to measure
the drying shrinkage that occurs simultaneously with the creep under the same
conditions of exposure. The shrinkage results from creep studies done at the University
of the Witwatersrand laboratories are given in tables B.5a and J.5b. Table B.Sa gives
the drying shrinkage results for an initial set of tests with exposed specimens, and
table B.Sb shows the results of the second set of tests with sealed specimens. The
reason for covering two series of tests was that it was 'felt that some understanding
was needed of the shrinkage potential of ope and fly ash concretes in both thin
sections with a high degree of possible moisture movement, and thick sections where
the degree of moisture movement was limited. It should be noted that the shrinkage
tests performed in the University facility were long term tests on concrete specimens
which were exposed to a more realistic environment of 22 to 25 °e and about 50 %
RH.

0.02

0.015

0.01

o 5 10 IS 30 50
Fly ash content
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The results of the concrete shrinkage tests are depicted on figures 8.4a to 8.4f, anti
8.6a to C.6d in the section on creep later in this chapter (shown as the difference
between the slasttc-shrlnkaqe and the elastic curves).

In Table 8.5a it can be seen that the fly ash beams to result in a small increase in the
magnitude of the drying shrinkage of these concretes; it should be noted that even here
where suitable adlustments have been made the compressive strengths of the fly ash
mixes are not identical to those of the ope control. The fly ash mixes have slightly
higher compressive strengths. Should the mixes be adjusted to have equal strength at
28 days then the drying shrinkage results could be expected to be even closer to those
of the ope mixes.

A further poi1t to note is that thfare is a considerable difference between the drying
shrinkage results for the two ope mixes with the Blue Circle mix having about 15%
higher shrinkage than that for the PPC Jupiter cement. The difference between the two
ope's drying shrinkage far exceeds the effect that the fly ash has on the drying
shrinkage.

These tests were done on 150 mm diameter cy!inder specimens. The surface area to
volume ratio of such a specimen (i.e. 33.33) is rather high and is roughly equivalent
in its degree of exposure to a slab of concrete only 70 mm thick. This degree of
exposure is unlikely to be reflected in actual section thicknesses in site concrete.

Table B.5b shows how sealing tre specimens from the environment affects the drying
shrinkage. Sealing the specimens is done in an attempt to simulate the shielding effect
of the outer layers of concrete on the moisture movement and drying shrinkage of the
concrete and thus overcome the specimen geometry problem mentioned in the
previous paragraph.

The magnitude of the drying shrinkage is dramatically reduced for sealed specimens.
Obviously not all concrete on site can be regarded as sealed and it is likely that the
actual magnitude of drying shrinkage of site concrete made with these materlale and
exposed to similar drying conditions would lie somewhere between the exposed and
sealed values given in table 8.5b.

In table B.Sb it can be seen that under both curing conditions the fly ash mixes have
slightly lower values for drying shrinkage than the opc mixes, but the compressive
strengths are also lower.

8.2.2 Summary of findings on drying shrink~ge

The results discussed above therefore indicate that for similar degrees of exposure the
drying shrinkage of Matla fly ash concretes will be very similar to that for mixes which
have similar compressive stremgth when made with ordinary portland cement. This
confirms the reported findings of most of the references consulted.[33.«.68.110.134.147.164.jB6.187j
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Mukheibirl200] found that the incorporation of Lethabo fly ash in concrete mixes had little
impact on the dl'Ying shrinkage of the concrete.

8.2.3 CrE~ep

Fultod11lO1 defines creep as "the time-dependent increase in strain of a solid body under
a constant or controlled stress. Creep in concrete occurs at all stress levels and the
creep strain can be severa! times larger than the initial strain on loading." Creep can
be regarded as a desirable property as it lends a degree of ductility to what would
otherwise be a rather brittle material. There are however negative aspects to creep
including deflection and buckling Qf elements and loss of prestress,

In this study work has bven done to evaluate the effect of fly ash on the magnitude of
the creep that occurs under a given stress/compressive strength ratio of the concrete.
This has been done in two ways as follows

.. a drying cycle where the temperature is kept in the range 22 to 25°C and the
relative humidity in the range 50 to 70 %. In this case the specimens were
cured under water for the first 28 days.

• a dual exposure cycle with some of the specimens exposed to the above
environment, and others sealed so that no moisture loss could occur. In these
cases the "dry" specimens were cured in air in the laboratory at a relative
humidity of about 50% after curing under water for the first two days. The
sealed specimens were cured under water as for the 'first set.

The specimens tested were, as mentioned in section 8.2.1, 150 mm diameter cylinders.
The age at loading was 28 days.

The creep is measured by subjecting specimens to a fixed load and monitoring the
change in strain with time. Other strains that occur are the elastic and shrinkage
strains. and in order to isolate the creep strains the other two strains should be
determined separately. The elastic strain is that which occurs immediately the load is
imposed and which will be approximately recovered once the load ls removed. The
shrinkage is determined from companion specimens that are unloaded but exposed to
the same environment.

The mixes used to make the specimens used for the first series of creep tests are
given in table 8.6. The mixes used fot the second series of tests in which pairs of
sealed and exposed specimens were loaded were those for mixes 1 and 6 'from table
8.6.
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The compressive strength at 28 days for these mixes are as shown in table 8.2e. It
can be seen that while the mixes were designed for the same target strength of SO
MPa at 28 days, there was some small difference between the ope and fly ash mix
compressive strengths. All the specimens were however loaded to the same level of
10,1 MPa +- 0,07 MPa. (Note that the variance of +- 0,07 MPa is the drift in load that
occurred during the duration of the test.) Readings were taken at regular intervals
during the test period.

The results of Series 1 are given in tables 8.7a to 8.7f and illustrated graphically in
figures 8.4a to 8.4t. The specific creep values for all the tests on these sets of
specimens are given in table 8.8 and shown graphically in figure ,~.5.From figure 8.5
n can be seen that the two opc mixes using 13,2 mm stone (mixes 1 and 3) have quite
different specific creep values, with mix 3 having the higher values throughout. The ope
mix with 19,0 mm stone has, as would be expected with a lower paste content and
lower water content, a lower level of creep than the same mix with 13,2 mm stone.

c
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Figure 8Aa
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to that of the ope mix with the same aggregate after 60 days but the fly ash mix has
slightly higher creep up to 60 days. Mix 5 on the other hand (ope ex ?v t.ichtenbu., i

with 15% fiy ash) shows a decrease in specific creep relative to its ope mix. Mix 6 with
ppr Jupiter cement and 30% fly ash has the lowest level of specific creep of the
mixes tested in this series,up to 200 days. However, the differences betweon the
specific creep levels of the ope and fly ash mixes is small at early ages and only starts
showing substantial differences beyond 28 days of exposure.

The creep curves for the series II tests are. shown in figures 8.6a to 8.6d with the test
results given in tables 8.9a to 8.9d. The data for the specific creep of this series of
tests is given in table 8.10 with the corresponding curves shown in figure 8.7.1'(1figure
8.7 it can be seen that, as would be expected where the degree of moisture movement
is limited, the specific creep of the sealed specimens is substantially lower than that
for the exposed specimens: in both cases the fly ash mixes have lower specific creep
than for the opc mixes.

c
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Figure 8.4b
Creep, shrinkage and elastic deformation
of PPC,Jupiter ope mix with 19 mm stone

1600 Stram [~Icrostr~ins) i ~ 1 ;

, 400 , , , + + ···;··············1

;::l .:::::l=:.:~t·~~:=j=:~:~I::;:~~:~l:~~:::::::::::I::::=~::·:
:::~::~:::1~::':~~~t~::::~:i: :::::::'I:::'=":'+'''''=·::::'::"r:::::::~::::1
2 0 ~ ······..····· ··l···..·..···· ·· ·j··..·····..···..··..·[ ·..·t ·..·· · t..·· · ··t ··· ·..

o 30 60 90 120 150 180 210
Time (days]

Strain type
- Elastic .+..Shrfn~age+el&stlt ,*- CreepHhrin~+ellStrc

8.11



c

F igu re BAc
Creepl shrinkage and elastic d{\forrnation
of BC Licht. occ mix with 13 mm stone
Strain [mrcr ostr atns]

1600 - . . . . , .

20 n ; ; ·········~····················+····················i··................•. + .n : ; : : : i
o 30 60 90 120 150 180 '1:,10

Time (days)

Strain type
- Elastic ..+..Shrinla~e+e18stic -lj(_ Creep+shrlnhelsstic

Figure 8,4d
Creeps shrinkage and elastic deformation
of PPC Jup ope 15% fa mix with 13 stone
Strain (microstrains}

1600 1 1 1 i
1400 ········..·········i·····················j·········..··········;·····················:·······..·······.. ·..1····················7····················

;;~i~f~:-l;t.}j:~t~:~~:~~:I~~(:~r~:~:~:~:j~::'::~:~~~:~I;~:::
200 j "j" ··l·················"j"····················j····..·····,····..··t··..················o L-__ L __ .J.__ __ .L- __ .l-__ -l

o 30 60 90 120 150 190 21D
Time (days)

r- Strain !ypeL~_tl_~_..-t_••_.S_h_rln_I:_B o_e+_e_I8S_tI_'_-lj(_-_c_n_!_p_ +_;h_.r_lnl:_+_e 1_8S_tl......Jf

8.12



c

,

Figure 8.4e
Creep! shrinkage and elast:c deformation
Jf BC Licht ope 15% fa mix with 13 stone
Strain (mrcr ostr atnsj

1600 . . , . . .

iili~~l~~~ii~t;~:§~I~~~~;!~:-~~I--~·J·-I~~~~;ii
20 D ········_·········!··············..·····i·············· j + ···..·····l··.:..···············t····················o . . . . . _ _j__

o 30 50 90 120 150 180 2.10
Time {days]

,- Strain type I
~ .._,.... Shrinkage+e!astlc --- Creep+shrinJ:+elastjc I

...----.-------- -~
Figure BAf

Creep! shrinkage and elastic deformation
of PPC Jup. ope 30% fa mix with 13 stone

1600 Strain (~'icro5tr~insj, : -"1 :
1400 ···················l·····················i···················..i····..···············l······..············i..········..········f····················

:jll·.:=i,~~:~:~:;f:~t::~J:~=.=:~r:{~:-~_t:~~:~:~I~;"-:~;~2~:~...... ·i-······ i··- i···········,· - t .--...t·· -..
o 3u 60 90 120 150 180 210

Time (da ys)

[ E""Ie
Strain type

.+..Shlinl:lo~+elastic --- Creep+shrini:+elastlc

8.13

1
I



c

/
{

Figure 8.5
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A further point to note is that the exposed specimens were exposed to "dry" ambient
conditions in the laboratory after only 2 days of curing under water. The Ifdry"
conditions to which the specimens were exposed consisted of a controlled temperature
of 22 to 25°C and an uncontrolled relative humidity of about 50 %. Comparing the
curve in figure 8.5 for mix 6 against the curve for mix 6 exposed it can be seen that the
exposed specimens exhibited a substantially higher degree of creep than those which
were wet cured for 28 days prior to being loaded. This change in creep is not evident
for the two ope mixes where the level of creep is rather similar for both methods of
curing.

Looking at the shrinkage deformations that occurred in series I (tables 8.7a and 8.7f)
compared with the similar data from series Ii (tables 8.9b and 8.9d) it can be seen that
under the severe dry curing regime of series " the shrinkage of both ope and PC 30
FA mixes increases by a similar order of magnitude of 200 to 300 microstrains,
although the fly ash mix showed a slightly bigger increase than the ope mix.

It would therefore seem that the creep of the fly ash mix is more sensitive to poor
curing than is the case for the ope mix, with a similar increase in sensitivity in the
drying shrinkage behaviour of the fly ash mix. As this conclusion is arrived at after only
studying the results of one set of mixes it is advisable that further tests should be done
to confirm this finding.

Note should also be taken of the surface area to volume ratio of the cylinder
specimens used for these series of tests as discussed under section 8.2. t. It is
unlikely that this degree of poor curing would be matched in structural concrete
elements on a construction site, although the skin concrete might have a similar degree
of exposure.

Under ideal curing conditions the fly ash mix seems to benefit more than the ope mix,
showing a far greater decrease in specific creep under sealed conditions than is the
case for the opc mix. Thick structural elements would tend to exhibit t' 'type of
performance.

Several authors have postulated theories about the mechanism of creep.[l90]Most of
these theories hold that moisture movement in the concrete plays an important role in
the phenomenon. With the reduced water content of fly ash mixes a reduction in the
magnitude of the actual creep and the speclflo creep is to be expected. The magnitude
of the decrease is probably bigger than can be ascribed to the reduced water content
however; pore refinement resulting in decreased permeability with a consequent
reduction in the rate of moisture movement may contribute to the low creep under
sealed conditions.

8.2.4 Summary of f~ndings on creep

The trend is for Matla fly ash to reduce the specific creep of concretes with similar
levels of compreeslve strength at 28 days. This confirms the findings of a majority of
the research reports consulted.t33,44,68,90,1OS,111,'1e,153,167,1S5,le7,191J
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Mukheibir[296]came to a similar coneluslon from his research findings on concretes
made using classified Lethabo fly ash.

There is an apparent trend for the Matla fly ash mixes to show a greater increase in
specific creep when poorly cured than is the case for opc mixes. Mukheiber295J nuted
similar degrees of sensitivity to poor curiing for ordinary portland cement and mixes
using classified Lethabo fly ash. Oonflrmatlon of the finding for the Matla fly ash would
therefore seem to be required.

Ta:~e B.1a

Mix proportions 01' concrete mixes (kglm3)
for elastic modulus tests -

Materials %Ay cfw 1,0 cIw c1w c/w % Fly C/W cIw cIw cIw
ash 1.5 2.0 2,5 ash ~.C 1,5 2,0 2,5

Water 209 205 203 207 200 194 193 194--<'"
Cement 209 308 40lS 'ji8 170 247 328 412-- r-
Fly ash 0 - - - - 15 30 44 58 73

1-- \

Stene 1065 1i/90 1110 1120 1os!:: H1~ ll130 114C I

..-1--- ,-- rr:
Sand 979 884 789 ,

"lS 985
i s"~Troo 7e1._ , _.

1-----
Water 20e; 201 199 2U3 193 188 185 188

1----
135,~ ~C7 rCement 196 ?86 378 482 25~ 329

Fly ash 0; 10 15 20 25 30 58 as 111 141
Stone 1070 1095 1115 1125 1110 1;30 '150 1160

Sand 982 892 797 6134 980 894 803 694
r--

Water 203 198 196 199 186 i7S 176 179
Cement 183 267 353 448 93 134 176 224
Fly ash 10 20 ~'. 30 39 50 50 93 '134 176 224
Stone 107~ 11'ID 1120 1130 1135 1160 1180 1190

Sand 986 895 000 691 973 890 798 ssa-
1
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Table 8.2a

Elastic modulus using PPC Jupiter cement

% 28 day elastic modulus
fly (GPa) at cementiwater ratio
ash elW CIW CIW eIW

1,0 1,5 2,0 2,5

0 21,5 34,5 39,5 43,5

5 22,5 34,0 40,0 42,5

10 24,0 31,0 38,5 42,5

15 21,5 31,5 37,5 43,5

30 19,0 28,5 37,5 40,0~
50 13,0 25,5 32,0 34,5

Table 8.2b

Elastic modulus using BC Lichtenburg cement

./

% 28 cay elastic modulus
fly (GPa) at cemenVwater ratio
ash --e/W C/W C/W C/W

1,0 1,5 2,0 2,5

0 2';.5 33,5 42,0 44,5

5 25,5 34,5 42,0 44,5

.0 24,5 34,0 41,5 44,5

I 15 26,0 37,0 42,0 43,5

I~ 23,0 32,5 38,0 42,5

~

\\
,I
! 15,5 26,0 3215 37,01 II
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Table 8.2c

Elastic modulus using Ang!o-Alpha Roodepoort cement

% 28 day elastic modulus

!fly (GPa) at cementlwater ratio
ash elW 1,0 eIW CIW CIW

1,5 2,0 2,5
c#.,.,;',

0 25,0 35,0 40,0 42,5

5 - 35,0 39,0 -.

10 - 33,0 40,0 -

15 - 34,0 37,0 -

30 - 31,5 35,0 -
50 17,5 25,0 33,0 -

-
Table 8.2d

Elastic modulus using PPC Factory blended or interground cements

,/

% 28 day elastic modulus
Type fly (GPa) at cement/water

ash ratio

CIW C/W C/W crw
1,0 1,5 2,0 2,5--

Blend 5 26,0 28,0 42,5 45.5

~Iend 15 25,0 34,0 41,5 46.5

Grind 5 26,5 37,5 42,5 45,0

Grind 15 25,5 35,~, 40,0 47,5
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Table 8.2e

Elastic modulus of ope and fly ash concretes
Additional data from creep tests

Cement Fly ash Stone 28d cornp. Elastic
source content size strength modulus

(%) (mrn) (MPa) (GPa)

ppe Jup 0 13,2 28,5 33,70

ppe Jup 0 19,0 29,0 35,ii"2

r=c Jup 0 13,2 30,0 33,70

Be Licht 15 13,2 31,0 35.12

FPO/Jup 15 13,2 31,0 32,85.....;! '
e\C Licht 30 13,2 32,0 36,68

~P:PCJup a 13,2 30,0 35,21

PPC Jup 30 13,2 27,5 36,43

Table 8.3a

Drying shrinkage of ppe Jupiter mortar specimens with and without fly ash. Mix
proportions detailed in table 5.14a

% Drying shrinkage (%) at
fly cernentwatcr ratio
ash e/w c/w e/w c/w

1,0 1,5 2,0 2,5

0 0,060 0,083 0,089 O,i03

5 0,058 0,081 0,088 0,094

10 0,057 0,077 0,082 0,092

15 0,059 0,075 0,083 0,089--
3D 0,056 0,065 0,071 0,085

50 0,058 0,065 .0,.072 0,080

11
!
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Table 8.3b

Drying shrinkage of mortars shown in table 8.3a as a proportion of the mixing water
figures shown in table 5.14a

% Drying shrinkage as proportion
fly of mixing water (%/1DOl) at
ash cementlwater ratio

c/w clw C/W c/w
1,0 1,5 2,0 2,5 !

-
0 0,019 0,027 0,029 0,032

5 0,019 0,027 0,029 0,030

10 Ot019 0,026 0,027 0,030

15 0,020 0,026 0,028 0,029

30 0,019 0,023 0,025 0,029

50 0,020 0,024 0,026 '0,028

8.22

Table ase
Calculated drying shrinkage values for equivalent
compressive strength mortar mixes from table 8.3b

adjusted using figure 7.1g

% Circa 10 MPa Circa 20 MPa Circa 30 Mpa
fly

CIW shrinkage e/W shrinkage CIW shrinkageash
(%/1001) (%/1001) (%/1001)

i,00\:1
--

0 0,019 1,50 0,027 2,00 0,029

15 1,08 0,021 1,65 0,026 2,20 0,028

30 1,20 0,021 1,85 0,024 2;43 0,027

50 1,51 0,024 2,25 0,027 - -



Table 8.4

Drying shrinkage results (%) for PPC Jupiter factory
blended or interground cements

Blend type Drying shrinkage at
I cementiwater ratio

c/w c/w c/w c/w
1,0 1,5 2,0 2,5

5% blend 0,034 0,039 0,039 0,044

5% grind 0,039 0,040 0,042 0,044

15% blend 0,032 0,038 0,040 0,042

15% grind 0,037 0,043 0,043 0,043
=

Table 8.5a

Drying shrinkage of ope and fly ash concretes (Series I)

.
Cement Cement Stone 28d Drying Age
source Blend size compressive shrinkage tested

(mm) strength (%) (days)
(MPa)

PPC Jup OPC 13,2 28,5 0,0357 202

PPC Jup PC15FA 13,2 31,0 0,0365 202

PPC Jup PC30FA 13,2 32,0 0,0368 201-.
PPC Jup oPC 19,0 29,1~ 0,0317 201

BC Licht ope 13,2 30,0 0,0408 202

Be Licht PC15FA 13,2 31,0 0,0427 201

Note: specimens exposed after 28 day submerasd curing
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Table 8.4

Drying shrinkage results (%) for ppe Jupiter factory
blended or jnt~rground cements

Blend type Drying shrinkage at
cementiwater ratio

elw clw clw ctw
1,0 1,5 2,0 2,5

5% blend 0,034 0,039 0,039 0,044

5% grind 0,039 0,040 0,042 0,044

, 15% blend 0,032 0,038 0,040 0,042

15% grind 0,037 0,043 0,043 0,043

Table B.Sa

Dryirig .shrinkage of OPC and fly ash concretes (Series I)

Cement Cement Stone 28d Drying Age
source Blend size compressive shrinkage tested

(mm) strength (%) (days)
(MPa)

PPC Jup ope 13,2 28,5 0,0357 202

PPC Jup PC15FA 13,2 31,0 0,0365 202

ppe Jup PC30FA 13,2 32,0 0,0368 201

PPC Jup ope 19,0 29,0 0,0317 201

Be Licht ope 13,2 30,0 0,0408 202

l_BC Licht PC15FA 13,2 31,0 0,0427 201

Note: specimens exposed after 28 day submerged curing

I
I
I
i
I
I~~
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Table B.5b

Drying shrinkage of OPC and fly ash concretes (Series II)

-
Cement Cement Stone Curing 28d Drying Age
source blend size condition compressive shrinkage tested

(mm) strength (%) (days)
(MPa)

PPC Jup ope 13,2 sealed 30,0 0,0078 322

PPC Jup oPC 13,2 exposed 28,0 0,0470 322

PPC Jup PC30FA 13,2 sealed 27,5 0,0070 322

PPC JUp PC30FA 13,2 exposed 25,0 0,0440 322

Note: Sealed specimens were cured submerged in water, then after the specimens were prepared for
testing they were coated to prevent moisture loss. The exposed specimens were removed from
the water M about 2 days and exposed to the laboratory environment. No coating was provided
to these specimens. In the case of tne exposed specimens the shrinkage values shown are from
the time t~';eywere exposed to the laboratory environment. In the case of the sealed specimens
the shrinkage values are from the time of loading of the specimens; as the specimens were
submerged p;,:or to this little shrinkage was Iik~ly.

Table 8.6

Concrete mix proportions •.JSed in creep specimens (kg/m; (Matla fly ash)

Mix Cement Slone Fly ash clw Water (I) OPC Fly ash 13.2mm 19 mm Sand
No. source size (%) ratio (kg) (kg) stone (kg, stone (kg) (kg)

(rom)

1 PPC Jur 13.2 0 1.5 205 308 0 1090 0 884-
2 PPC .!up 19 0 1.5 19!i 294 0 236 944 IW~

3 BC Licht 13.2 0 1.3 207 269 0 1080 0 921

4 PPO Jup 13.2 15 1.6 197 268 47 1100 0 878--
5 BC Licht 13.2 15 1.4 198 236 42 1090 0 ass
6 PPC Jup 13.2 30 1.7 189 225 96 1115 0 917

I
I
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