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The use of pulverised fuel ash (p.f.a,} in
concrete has been the subject of widespread discussion
and debate in rgcent years. OCne of the principal
problems of using this material is its variability in
guality with respect to both source and power station
load.

The object of this investigation is to assess
the influence, upon the workability, strength and
durability properties of concrete, using selected and
unselected material from the same source.

The author also studies the interrelationships
between the different testing methods used to assess
workability and strength.

The content of this thesis represents a selection
of the work carried out by the author between January 1973
and December 1975 in the Department of Civii Engineering
and Building at Sheffield Polytechnic (now Sheffield City

Polytechnic).
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Introduction

=
O

In recent years there has been increasing
interest into the use of waste materials in tﬁé
construction industfy. The reasons for this are various
although an increase in the awareness of environmental
pollutants and escalating cost of traditional materials
have been contributory factors.

The field of concrete technology is no
exception and during the past 40 years much research has
been done into the use of such materials as burnt oil
shale, blastfurnace slag and pulverised fuel ash (p.f.a.)
as aggregates and cement replacements in concrete.

. | It is with the last mentioned material (p.f.a.)
and its use as a cement and fine aggregate replacement in
concrete that this thesis is concerned.

Pulverised Fuel Ash (termed fly ash and cendres
volantes in the U.S.A. and France respectively) is the
name given to the largely amorphous siliceous residue |
extracted from .the furnaces of coal-fired power stations
and is a by-product of the electricity industry.

It is relatively cheap material (roughly egqual
to 1/3 of the cost of cement on a tonnage basis) but its
quality can be extremely variable; depending upon both
the source of supply and upon whether the power stations
are operating under base or peak load conditions. The
variable quality of material produced can have an adverse
effect upon the performance of p.f.a. concretes in terms

of their workability, strength and durability.

20



Two 6f the most important factors thought to
influence p.f.a. performance in concrete are the % loss
on ignition (unburnt carbonaceous residue) within the
material and the % passing No. 300 sieve.

It is currently thought in some quarters that
if both of these properties could be kept within certain
limits then two of the biggest obstacles to the widespread
use of p.f.a. in concretes could be removed.

A company called Pozzolanic Pty Ltd., of Chester
who have had much’experience with p.f.,a, concretes in
Australia have developed a process (virtually a sieving
treatment) whereby the coarser particles, a large |
proportion of which are carbonaceous unburnt fuel, are
excluded from the final product.

This ensures a consistent product whose
physical characteristics and hence performance dec not
fluctuate, according to power station loads.

Experience has shown in Australia that cement
and fine aggregate replacement with treated p.f.a. in
concrete mixes, produced the most economic concretes in
terms of cos£ and performance,

The objects of this research project are
primarily threefold némely:—

i) The comparison of concretes which include

the 'raw' (untreated) p.f.a. with those

that include the processed (treated)

p.f.a., in terms of their workability,

strength and durability.

21



ii) The comparison of the concrete properties
outlined in i) with those of the physical
properiies of each ﬁaterial.

iii) The determination of the most economic
mix or range of concrete mixes
incorporating each p.f.a. material
which compare most favourably, in terms
of performance, with a chosén control
mix (containing no p.f.a.); in terms

of workability, strength and durability.

Concurrently with these three main themes a
comparison of the various workability and strength tests
applied to the concrete was also proposed;

It must be emphasised that the nature of the
project was such that parallel studies of the treated and
untreated materials could only be done over a very limited
period therefore no determination of comparative long term
variability in performance was attempted.

In thé course of this thesis the treated and
untreated p.f.a. materials will be referred to as
Pozzolan 1 (P 1) and Pozzolan 2 (P 2) respectively.

The research programme covered a period of
approximately 2 years during which time 116 concrete
mixes were investigated covering a wide range of cement
and fine aggregate replacements with the chosen materials,

P 1l and P 2.

22



2.0 Previous Work

2.1 Historical Background

The use of cementiticus materials dates from at
leést 2,500 BC when the ancient Egyptians used non-
hydraulic gypsum based mortars in buildings. . The use
of mortars is also referre@ to in Biblical Texfs. (1) (2)

The earliest records of the use of hydraulic
mortafs or concretes is about 400 BC when the Roman
architect Vitruvius records the use of 'a kind of powder
which when mixed with lime and water sets hard under
water'. The material to which he refers was initially
found around Bali but later in more sbundant gquantities
at Pozzuoli on the Bay of Naples in the shadow of Vesuvius.
This material, a volcanic ash and others like it were latex
termed pozzolanas after the town of Pozzuoli. (3) (4)

The strength and durability of such pozzclanic
mortars and concretes is attested to by the excellent
condition of such bﬁildings as the Coliseum in Rome and
the Pont du Gard near Nimes in Southern France, and many
others built with these early pozzolanas. (4)

The word 'pozzolana' as used in the remainder
of this text describes a material which has no intrinsic
’ cementitidus properties but when mixed with lime and Wéter
combines to form a'cementitious product. Reference to the
above will be made in sub section 2.6.2 of the‘teit.

The expertise of producing_hydraulic concretes

using pozzolanas lapsed into decay as the Roman Empire

24



declined and it was not until 1756 when an Englishman
John Smeaton charged with the rebuilding of Eddystone
Lighthouse-used a -mixture of blue lias lime and volcanic
ash (as akpozzolana) imported from Italy for thé purpose.

Following Smeaton, work towards the development
of synthetic hydraulic cements using calcined limestone
and clay continued until in October 1824, Joseph Aspdin a
Leeds builder took out the first patent for Portland
Cement. Interest in pozzolanic materials remained howéver
and at the beginning of the 20th centur& Michaelis (Germany)
and Feret (France) carried out experimental work involving
the addition of certain pozzolanic materials to poritland
cements. In Italy, the industrial production of pozleanic
cement began in 1923 (3).. |

Up ﬁntil then use had been made only 6f natural
pozzolanas. However, in 1937 Davis et al iﬁvestigated the
validity of using pulverised fuel ash (p.f.a.) as an
artificial pozzolana in concrete. Further work was
carried out by the Germans in 1941 (5) which was successfully
‘applied in the field during 1942/3.

In 1944 the American Concrete Institute
recommended fly ash (p.f.a.) for use in Portland cement
concrete and it was used in the Hungary Horse Dam in the
U.S.A. (1948) where the resulting savings were estimated.
at $1,675,000 at 1949 prices. (5)

In 1951 the French started producing
commercially cements containing p.f.a. interground with

blastfurnace slag and Portland cement clinker since when

25



its use has spread to most of the major industrial nations.

(3)

2.2 The use of P.F,A. concretes in the United
Kingdom
Investigations into the above were first carried
out by the Central Electricity Generatiﬁg Board (C.E.G.B.)
in 1954. This work subsequently 1led torits use in
Stithians Dam (Cornwall).
Other projects where p.f.a. concretes have
been used are Hawkridge Dam (Somersetl in foundation work
for Ferrybridge 'C' Power Station and in dock walls for
the Leith Harbour development. (6)

The above examples refer to 'mass' concrete

-

structures where high strength concrete is not usually
called for; the 28 day compressive strengths of the above

examples varying from 16.5 to 30 N/mmz. (6)

2.3 Production of P.F.A. in the United Kingdom

In 1969 approximately 80% of electricity was
produced from pulverised coal but by 1973 this had dropped
to 75%. (7) With the advent of nuclear energy and oil
fired power stations this proportion is expected to drop
still further. Nevertheless coal is likely to provide a
considerable proportion of our power requirements until
the end of this century and as the present proportion of
p.f.a. uéed for concrete still remains smali there is likely

to be considerable scope for the future use of p.f.a. in
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concrete. (7)
In 1969 the annual production of p.f.a. was
10 million tonnes of which 3.6 million tonnes were used

in the construction industry as follows:~

Table 2.3 Utilisation of P,F.A, (7)
Constructional purpose Tonnes p.a.

Structural Fill 2.0 m
Block and brick manufacture l.1m
Lightweight aggregate 0.2 m
Cements 0.2 m
Othexr . O.1lm

Total 3.6 m

Several older stoker fired power stations work for a large
percentage of their time under fluctuating load conditions
and in doing so produce p.f.a. of varying chemical and
physical composition. This variability has discouraged
the use of p.f.a. as a concrete material., These are
however being replaced by more modern stations such as
Ferrybridge 'C', Didcot, Drax, Fiddlers' Ferry 'B' etc
which produce a more consistent p.f.a. grading;more

suitable for use as a cement replacement compound.
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2.4

Factors influencing the use of P.F.A. in concrete

At this stage it would be useful to summarise’

the factors influencing the use of p.f.a. in concrete.

These are listed as follows:-

1)

2)
3)
4)
5)

6)

7)
8)

Geographical Location - position of source
relative to that of utilisation i.e.
transport costs.

Availability - adequate supplies for the
work in hand. |

Quality of product - in terﬁs of average
composition and variability.

Relative cost of alternative materials.
Conservation - reduction in demand for
energy, land use and other materials

e.g. cement.

Performance - in terms of p.f.a. concrete
properties compared with that of alternative
concretes.

Market - size, research and penetratidn.
Conservatism = staticvand dynamic;
indicated by reluctance of industries

for various reasons to utilise new

products.

It is difficult to sum up the above in two words but if

one puts the engineer in the role of the consumer choosing

a product he is principally interested in two things namely

a) Cost and b) Performance, Since he is not in a vacuum,
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both of these will be considered in the light of
available alternatives (principally cement and fine

aggregate in this case) before he makes a choice.

2,5 Recent Research into P.F.A. as a Concrete

constituent material.

2.5.1 Introduction

The following is an account of the research
carried out during the post war years principally in France,
United Kingdom and the United Statés and is a representative
selection of the work done by individuals on behalf

of such institutions as the following:-

Organisation Country
British Coal Utilisation Council United Kingdom

(B.C.U.C.)

Cement and Concrete Association United Kingdom
(C. & C.Aa.)
Central Electricity CGenerating United Kingdom

Board (C.E.G.B.)

Bureau of Public Roads (B.P.R.) United States
Centre d'Etudes et de France
Recherche de L'Industrie des France

Liants Hydrauliques (C.E.R.I.L.H.)

These will be referred to in following text by the

abbreviations in parenthesis.

The work will be discussed under the following

headings:-
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2'6'0

2.7.0

2.5.2

2.5.2.1 .

Pozzolénic action

Strength

Workability

Durability

Shrinkage

Heat of hydration

Economics of using p.f.a. in concrete
PhYsical and chemical properties of p.f.a.
relating to performance in concrete
Benefication of p.f.a.

Summary of findings.

Pozzolanic action

" Definitions

Pozzolanic action of p.f.a. is the property in

which the engineer is £frequently interested as this

relates to the progressive gain in strength and hence long

term durability of a p.f.a. concrete.

At this stage it would be useful to define a

pozzolana (or pozzolan). Three definitions taken from

different sources are given as follows:-

i)

A pozzolan is a siliceous or siliceous
aluminous material which in itself
possesses little or no cementitious
value but will, in finely divided

form and in the presence of moiSture
chemically react with calcium hydroxide

at ordinary temperatures to form

W
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compounds possessing cementitious
properties,

(A.S.T.M. ‘Definition of terms as applied to
Hydraulic cements'(C 219 - 55) 1955 Part 3

p. 201)

ii) Pozzolanas are usually defined as
materials which, though not
cementitious in themselves contain
constituents which combine with
lime at ordinary temperatures in the
presence of water to form stable
insoluble compounds possessing
cementing properties. (The Chemistry
of Cement and Concrete, F.M. Lea,

Chapter 14 p. 414)

iii) Pozzolana is a volcanic ash found near
Pozzuoli much used for hydraulic
cement. (The Concise Oxford Dictionary

5th Edition)

The author does not wish to propose a synthesis of these
definitions but suffice it to say fhat the material
(p.f.a.) being dealt with in this thesis might be
described by i) and ii) but certainly not by iii) which
alludes to the origin of the name rather than to a
description of physical properties. I therefore propose

i) and ii) as acceptable definitions.
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2.,5.2.2 Tests for Pozzolanic activity

Watt and Thorne (8) (B,C.U,C.) 1965 conducted

a series of tests on 14 p.f.a.s using several chemical

tests,; of which the most successful were as follows:-

i) Feret-Florentin method - hydrochloric
acid is used to assess the quantity
of Siiica + Alumina + Ferric oxide in
unhydrated and hydrated pozzolana (p.f.a.)

~ lime mortars.

ii) Lime solution method ~ similar to i)
but the pozzolana (p.f.a.) was allowed
to react in a saturated lime solution

instead of in a mortar.

The crushihg strength of the mortar was then
plottéd against the acid soluble increment (due to
pozzolanic action) for each p.f.a. Results showed a
fairly good correlation (positive) between the above
properties.

In their final assessment of chemical methods
of assessing pozzolanic activity, Watt and Thorne (8)
concluded that these metﬁods would be unlikely to be of
. value for assessing concrete performance in practice.

Lea (9), 1970 states the reasons more clearly
with reference to ﬁhe Fratini~Rio tests and Watt and
Thorne's work when he says that although a limited group
of pozzolanaé may - fall approximately in a common curve it

is clear that no broad relation exists for other tests on
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a group of Italian pozzolanas, which did no more than pick
out the materials that made the least contribution to
strength.

" Jones and Gill (10) (C.E.G.B.) 1962 claimed

that the chemical method described by Fratini Rio and an
accelerated curing method for assessing strength placed

7 p.f.a.s in the same rank order.

2,5.3 Strength

The easiest and most frequently used method of
testing for pozzolanic activity is by making a concrete or
mortar mix in given proportions often termed the 'control'
and replacing part of the cement on a weight or volume
basis with a p.f.a. and compariné the‘strength of the
p.f.a. concrete with that of the control at various ages.
It has been found through experience that this pozzolanic
strength development is usually long term. (4) (11) (18)

" Brink and Halstead (11) (B.P.R.) 1956

investigated the behaviour of 34 p.f.a. mortars from 19

different sources in combination with three different cement

types varying in alkali and tri-~calcium silicate content.
Cement replacements with p.f.a. were made on a

solid volume basis using 10, 20, 35 and 50% replacement

pf cement with p.f.a. All mortars tested were made to a

uniform consistency and the ratio of the water reqﬁired

by the p.f.a. to that required by the control, termed

‘the water requirement ratio' was determined.



Evidence of pozzolanic activity was indicated
by a progressive increase in strength of the p.f,a. mixes
compared with the control over a 1 year period.

" Pozzolanic Strength Index (P.S.I.)

To determine the relationship between the
strength of cement - p.f.a. mortars and the propertieé
of p.f.a. a standard of comparison for strength was
selected. This was taken as the average 28 day strength
of mortar at 35% cement replacement for the 3 cements used.
These P.S.I.s were then plotted against various p.f.a.
characteristics such as carbon content, specific surface,
grading, % passing No. 325 sievef average water‘requirement
etc.

The final conclusions were that the tests
indicated positive correlations between P.S.I. and % passing
No. 325 sieve and negative correlations between P.S.I.‘and
carbon content and finally P,S.I. and water requirement.

Timms and Grieb (12) (B.P.R.), 1956 carried

out a series of tests using p.f.a. of widely different
fineness but representative of p.f.a.s used in the U.S.A.
Alr entrainment was included in some mixes and cement
replacement was done on a solid volume basis.

Flexural and compressive strength tests were
carried out on concrete specimens and revealed 28 day
strengths lower than control but 1 year strengths as high
or up to 20% higher than control. In general, it was
concluded that increasing p.f.a. % led to lower strengths
at a given age as did increasingicarbon conitents.

*¥ 44um sjieve.
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- Ward (13) (C.E.G\B.), 1954 used a 1:2;4 mix
concrete with a water ; cement ratio = 0.65 as control.
Cement was replaced by p.f.a. by weight at 10, 20, 30 and
40% replacement levels. Effects of the p.f.a./cement ratio,
carbon content and fineness upon compressive strength were
investigated. |

Unexpectedly, no effécts of'pozzolanic activity
were evident at the later ages for any of the replacement.
levels, in fact the 10 and 20% replacement levels produced
slightly higher strengths than the control within the first
28 days. For the 30 and 40% replacement levels 28 day
strengths were 85% and 75% of control (0% p.f.a.)
respectively with no evidence of pozzolanicAactivity at
greater ages up to 1 year.

For a range of carbon contents (5 - 12%) no
appreciable effect upon strength was recorded. With respect
to fineness, the coarser p.f.a; showed slightly inferior
strengths up to 180 days.

Fulton and Marshall (14) (North Scotland Hydro

Electric Board and University of Glasgow), 1956 carried out

an investigation connected with the use of p.f.a. in

‘hydrauliic structures as a prelude to its use in a large dam

being built by the North Scotland Hydro Electric Board.

They visited the U.S.A. and reviewed research work from the

following institutions:-
University of California

U.S. Bureau of Reclammation-



U.S, Corps of Reclammation

U.S. Corps of Engineers

American Portland Cement Association

Ontario Hydro-Electric Commission

University of Glasgow
They concluded that if the concrete is not to withstand
its working load until some time after pouring then 20%
of cement can be replaced with p.f.a. without impairing
its strength. They generally ascertained that a low
carbon content was desirable but not essential for adequate
strength.

In final conclusion they suggested accelerated
testing as a suitable method for comparing the quality of
p.f.a. concretes. In this way, p.f.a. from different
sources could be gquickly assessed without having to wait
long pericds for test results;

Goodridge and Jackson (15) (C.E.G.B.), 1961 as

a sequel to work carried out by J.M., Ward suggested the
early loss in strength experienced at ﬁigh cement
replacement levels could be offset by replacement of the
fine aggregate fraction in the mix as a means of
achieving what they considered to be the optimum p.f.a. :
cement ratio,without reducing the cement content of the
mix.

They found from work done using different
techniques of cement and fine aggregate replacement with

p.f.a. that the cement should be replaced on a,weight
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basis and the fine aggregate on a volume basis. Using this
method they suggested the most economic mix was obtained

using 20% replacement of cement with p.f.a. with a p.f.a.:
cement ratio = 0.6. The remainder of p.f.a. was included
by replacing fine aggregate (sand) by volﬁme in a basic
mix of 1:2:4.

Jones and Gill (10) (C.E.G.B.), 1962 used the

formula devised by Goodridge and Jackscn to test its
validity for early strength concretes.using principally
p.f.a.s from the North West of England.

Tésts were done on the basis of constant
workability (VeBe times of 11 - 18 secs) and the control
mix was designed to give a strength of 4,000 p.s.i.

(28 N/mmz) at 28 days with a water : cement ratio = 0.62,
Water contents were varied to conform within the reguired
workability range. P.f.a./cement ratio was 0.6 and 20%
of cement was replaced with p.f.a. according to the
Goodridge and Jackson formula. (15)

The summary of findings was as follows:-

i) P.f.a.s from certain power stations
were suitable for early strength
concretes whilst others were léss so.
ii) The percentage passing 300 mesh sieve (53um)
was more important than loss on
ignition (often an indication of

carbon content). *

* see Halstead (11)
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1ii) P.f.a. with high carbon contents
require more water to give the same
workability as contxol.
iv). Ignition loss correlates negatively
with strength.
v) The Goodridge~Jackson formula»can

form the basis of a rationél p.f.a.

substitution for cement in concrete.

Bannister (16) (University of Salford), 1962
applied the Goodridge-Jackson formula to mixes with water:
cement ratios varying from 0.50 - 0.70 and p.f.a.:cement
ratiocs varying from 0.40 - 0.70 and investigated 7 and 238
day strengths wiih reference to those obtained from Road
Note 4 for ordinary portiand cement (0.P.C.).

Relationships between accelerated tests {(after bdiling)
and 7 and 28 day strengths were also‘obtained.

The optimum p.f.a.:cement ratic was found to be
0.40 with those of 0.60 and 0.70 showing lcwer early valueé
compared with Goodridge and Jackson's formula albeit with
p.f.a. from a different source (Agecroft 'C')

A minimum expected strength at 7 days of 80%
of boiling strength could cover p.f.a.:cement ratios of
0.40 to 0.60. From this value the 28 day strength could
be deduced using curves from Road Note 4.

Jordan (17) (C. & C.A,), 1954 carried out a
series of tests on 21 different p.f.a.s involving materials
from different power stations in the U.X. operating under

different conditions, mixtures of ashes. from different

[N
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sources and in addition he ground some p.f.a.,s tc achieve
a higher specific surface. Control mixes utilised both
QP.C. and Rapid hardening Portland cement with cement:
aggregate rétios of 1:5.22 and 1:6.0. Replacement was
done on a weight basis at the 25% level. Compressive
strengths were obtained up to 1 year. The water:cement
+_p.f.a.'ratio by weight varied between 0.30 and O.70.

Findings were as follows:-

i) For p.f.a. having ignition loss of

less than 10% and similar fineness

to Portland cement the compressive

strength up to 28 days was = 67%

of control. This difference in

strength gradually disappeared

until at 1 year p.f.a. concretes

had similar streﬁgths to the control.

ii) There was a suggestion that p.f.a.

samples with high ignition loss and

coarse grading yielded lower strengths

than typical ashes and that p.f.a,s

with unusually high speqific surface

have higher strengths.

iii) " Within the test range, relative strengths

seemed to be unaffected by cement type,
mix proportions or curing conditions ﬂ
(water and air at ambient and standard

conditions).*

* B.S. 188l Part 3. (46)
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Venuat (18) (C.E.R.I.L.H.), 1962. This
investigation was designed to find the importance of the
physical and chemical characteristics of 2 portland
cements and 3 p.f.a.s upon the physical characteristics
of cement/p.f.a/sand mortars. Mortars were made up
containing up to 70% cement replacement by weight with
p.f.a. The proportions of the control were 1l:3 by weight¥*
and water:cement + p.f.a. ratios of 0.45, 0.50 and 0.55
were used. Cement (clinker + gypsum) and p.f.a. were
ground in the laboratory and subsequently mixed in the
required proportions to form 32 cement/p.f.a. mixtures
varying from O - 70% p.f.a.

Strength results were obtained by using
compression and flexural tests on 40 x 40 x‘l60 mm mortar
prisms and were presented in two ways:-

i) Strength versus % p.f.a. for equal

ratios of water:cement + p.f.a.

ii) Strength versﬁs % p.f.a. for equal

plasticity.

The results showed that for all mixtures the
strength of mortar increased with increasing age and
decreasing % p.f.a. resulting in a family of curves similar
to that shown by Lea. (19)v

Strength values for equal plasticity were
superior to those for equél Water:cement + p.f.a.A;atio.
This was apparently due to the lower water demand for

equal plasticity of the p.f.a. mixtures.

* cement:sand.



2.5.4 'Workability
| Comparatively little work has been done upon
the workubility of p.f.a. concretes and most comments
therefore tend to be subjective rather than objective
evaluations of workability performance.
The results of the more important investigations

are summarised below.

Venuat (18) (C.E(R.I.L.H.), 1962 in conjunction
with fhe work just described in sub-section 2.5.3, usedka
flow table (table & secousse) to assess the plasticity of
his p.f.a. mortars. The plasticity was assessed by
measuring the diameters of a cone of concrete before and
after vibration on a 'table & secousse' (a sort of horizontal
dynamic slump test).

Using water:cement + p.f.a. ratios of 0.45,
0.50 and 0.55 he found that between O and 40% cement
replacement the plasticity significantly decreased
(increased workability). Between 40 -. 703 cement
replacement plasticity was roughly constant and abovev70%
there was a slight increase in plasticity (decreased
workability).

Tran-Thanh-Phat (20) (C.E.R.I.L.H.),

using a similar form of test, found in concurrence with
Venuat that for equal plasticity the water:cement + p.f.a.
ratio decreased from 0.52 to 0.45 for between O and 40%
cement replacement with p.f.,a.  These tests were also

carried out on a 1:3 cement + p.f.a,:sand mortar mix.



Jolly (21) (Salford University), 1965 using the
compacting factor test showed on the other hand that mixes
with low water:cement ratio and high cement content
resulted in reduced workability with increasing p.f.a.
However, cement and fine aggregate replacement were used
here and hence the increased water demand of the finer
material (p.f.a.) would have cancelled out the lubricating
effect of the p.f.a. cenospheres. (6)

“Jordan (17) (C. & C.A,), 1954 using Slump and
Compacting Factor tests suggested that samples having an
- unusually high ignition loss (20 - 40%) accompanied by
coarse grading have lower workability. (26)

Timms and Grieb (12) (B.P.R,), 1956 used the

slump test to ensure constant workability for all their
mixes. Actual values varied between (60 - 100 mm) 2.5 -
4 ins., for air entrained and non-air entrained p.f.a.
concretes.

Brink and Halstead (11) (B.P,R.), 1956 did not

use standard concrete workability teste as their tests.
were conducted using 2 in (50mm) cubes made from a
1:2.75 cement:sand mortar. All mortars were made to a
uniform consistency usihg A.S.T.M.'(C 109 - 49) 'Method
of test for Compressive Strength ef Hydraulic Ceﬁent
Mortars?'. '

Cannon (22) (Tennessee Valley Agthorityf,‘l968
in his work on proportioning p.f.a. mixes for strength and
.economy refers to the water requirement of p.f.a. mixes in

relation to a control but omits reference to values of
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workability. His mix design method assumes that the
watersicement ratio of the desired control mix will give
the required slump.

Jones and Gill (10) (C.E.G.B.), 1962 reference

has already been made to their use of the VeBe test for

ensuring standard consistencies of p.f.a. concretes.

2.5.5. Durability

Durability (defined in the Oxford Dictionary
as 'lasting, not transitory resisting wear and'decay')
like workahility means different things to different
people and is equally difficult to quantify.

Engineers may measure durability in two ways

i.e.:= 1) directly as in the measurement of physical

o)

properties after the concrete has been exposed to

onditions e.g. freeze/thaw, sulphates etc.,

Q

aggressive
or ii) indirectly (i.e. by inference) by measuring some
physical property which from past experience or logical
deduction is likely to affect its resiétance to attack
by aggressive elements e.q, porosity/ﬁermeability, |
strength etc.

The review of durability work which follows

refers essentially to the direct type of test.

2.5.5.1 Immersion in aggressive solutions

"Miles (23) (C.E.G.B.), 1968 studied the effect
of five aggressive solutions (including various
concentrations of magnesium and sodium sulphate together

with one solution consisting of a mixture of magnesium,
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sodium and calcium sulphate) upon medium (30 N/mmz) and
low (14 N/mm?) strength p.f.a./0.P.C. and p.f.a./S.R.C.
concretes., The controls were designed in accordance with
Road Note 4 with suitable modifications to allow for the
characteristics of available materials. The proportions
of p.f.a. included in the control for equivalent strength
were obtained using a method proposed by Smith (57). The
medium and lowAstrength concretes allowed cement reductions
of 5% and 16% respectively.

A statistical analysis upon the results revealed

the following:-

i) The type of solution in which the
concrete was immersed had a significant
effect upon compressive strength of test
‘cubes but this was less marked than the
‘effects of age, mix éype, and p.f.a.

source.

ii) For the same exposure O.F.C,-based
p.f.a. concretes of 'low' strength
tended to show a greater rate of
strength development with age than
non p.f.a. mixes. However, this
effect was reversed for 'medium'

strength p.f.a. concretes.

1ii) In S.R.C.*concretes p.f.a. mixes
were significantly stronger than

control.

* Sulphate Resisting Cement,
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Miles concluded tﬁat there was a need for exposure tests
of longer duration than 12 months which was the period of
this investigation.

Venuat (18) (C.E.R,I.L.H,), 1962 immersed
40 x 40 x 160 mm mortar specimens with a cement:aggregate
ratio of 1l:3 and water;cement ratio = 0.50, in a 5%
ﬁagnesium sulphate solution. Inijitially specimens were
stored for 28 days and 90 days in a neutral solution (tap
water). The period of conservation in the sulphate
solution was 270 days. All specimens were manufactured
| using 2 cements, Clinker I (low C3A) and Clinker II (high
' C3A) and one p.f.a. at 0, 20, 30, 40, 70 and 90%
replacement levels. Sulphate resistance was determined by -
noting the relative expansion of the specimens stored
in neutral (tap water) and sulphate solutions.

‘Findings were as folbws:-

i) Between O and 40% p.f.a., Clinker I mortar
revealed little change. Above this level
large relative expansions occurred and

specimens started to disintegrate.

ii) Between O and 40% p.f.,a., Clinker II mortars
improved their resistance against sulphate
attack. This improvement was maintained
up to a 70% p.f.a. level and resistance
deteriorated with further increase in

% p-f'a..
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Venuat'concluded that there were three factors
mutually at work namely:~
(a) $ af C3A in clinker :- large % of
C3A makes concrete more vulnerable
therefore a large % of cement
replacemeht can be affected
consequently improving its
resistance to attack up to a

certain replacement level.

(b) Strength of mortar :- as % p.f.a.
increases mortar étrength weakens
(for a given age) until it is unable
to resist expansive forces (however

small) within it,

(c) Porosity of mortar ;- influences
the ease with which aggressive
solutions can penetrate specimens

and thus combine with the C_A.

3

2.5.5.2 " Freeze/Thaw exposure

- Timms and Grieb (12) (B.P.R.), 1956 found

that for non-air entrained concretes the inclusion of
p.f.a. did not enhance the resistance to freeze/thaw
exposure. Assessmént was made by determining the relative
decrease in elastic modulus of prismatic concrete
specimens for a pre-determined number of cycles ; 1 cycle

lasting for 24 hours with temperatures ranging from 10°F
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to 70°F (-12° to 21°%).

Venuat (18) (C.E.R,I.L.H.), 1962, found that
specimens contalning 70% cement replacement with p.f.a.
disintegrated after 150 freeze/thaw cycles each cycle
consisting of air exposure at ~20°C for 16 hours and
8 hours in water at +20°C. Specimens containing 30%
cement replacement were a little less resistant than the
contrcl specimens. All specimens were initially stored
in water at +200C up until 28 days when‘they were
transferred to the conditions outlined above. All tests
were carried out using a constant water:cement ratio and
were subjected to a maximum of 200 cycles.

Venuat concluded that the lower resistance of
the specimens with a . high % of p.f.a. was due to the

interaction of two factorsi;~

i) Lower tensile strength.
ii) Higher porosity.
2.5.5.3 Alkali-aggregate reaction

Brink and Halstead (11) (B.P.R.), 1956, found

that inclusion of p.f.a. in a mix reduced the alkali-agéregate
feaction between cement and reacti&e opal to a negligible
amount at 30% cement replacement by volume. Assessment was
made by measuring relative change in length of prismatic

specimens containing cement, fly ash (p.f.a.) and opal.
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5.4 Influence of porosity

" Yenuvat (18} (C.E.R.T.L.H.}, 1962, concluded
that thé resistance of mortar specimens to freeze/thaw
conditions or sulphate attack was largely a function of
the porosity and found further that the porosity of
mortar, as méasured by capillary absorption, increased
with increasing % replacement_of cement with p.f.a. at
the same water:cement ratio. ' In practice, for the same
plasticity (workability) the water:cement ratio could be

reduced and thus offset the increasing % of p.f.a.

2.5.6 Shrinkage

imms and Griebk (12) (B.P.R,), 1956, found that

p.f.a. ccncretes showed less shrinkage upon drying than

I=h

concrete without

= 16%3% ana 33%e.

w3

.f.a. Cement replacement levels were

" Venuat (18) (C.E.R.I.L.H.), 1962, established
that the relative shrinkage after 90 days exposure in air
showed little variation for increasing % p.f.a. except for
s

the high alkali cement where a slight reduction was observed

with increasing % p.f.a.

2.5.7 " Heat of hydration

" Terrier and Moreau (24) (C.E.R.I.L.H), 1966

in their research into the mechanism of pozzolanic activity
found that the heat of hydration was reduced by up to 50%

at 7 days for 30% p.f.a. mortar.
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Yenuat (18), 1962, found that the heat of
hydration decreased (determined at 12 hours, 3 days and
7 days) &s the % of p.f.a, was increased and further that
there was a strong correlation between the heat of hydration
at 12 hours, 3 days and 7 days and the 7 day, 28 day and
‘90 day strengths respectively.
Both of the above used calorimetry methods and

mortar specimens.

2.,5.8 Economics of using p.f.a. in Concretes

This field is probably the least explored in
research terms probably because prevailing economic
conditions are a capricious function of time and as a
result relative costs of materials are always changing.‘

Goodridge and Jackson (15) (C.E.G.B.), 1961,

sugagested that to obtain best early strength results fine
aggregate replécement in éddition to cement replacement
was preferred.

In the context of 1973 relaéive prices of
materials at the 10% cement replacement level using the
example submitted in their paper the cost advantage of
p.f.a. concrete was 2.5%. .

As the ratio of fine aggregate cost to p.f.a.
cost is currently declining, the cost advantage of cement
and fine aggregate replacement is rapidly being eroded.

" Cannon (22) (T.V.A.), 1968, said that the

economy of using p.f.a. depends entirely on the relative
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Ash (U.S.A.) (27)'and Pozzolénic Pty Ltd (England) have
installed eéuipment (usually rotary air separators) to
remove the deleterious material. The separation criterion
"usually ensures that at least 95% of the derived product
passes a No. 325 sieve (44um). This has the twofold
effect of increasing the fineness of material and reducing
the ignition loss (since a high proportion of the coarser
particles is unburnt fuel) thus ensuring that material
consistently conforms to the desired specification.

" Stirling (28) (Stirling Sintering Co.,
Pittsburgh, U.S.A.), 1965, has suggested that the concept
of total utilisation should be looked at more closely.

By the installation of a soPhisticated'separation system
involving cyclone, magnetic separation combined with
pelletisers and sintering grates abplant can produce
simultaneously the following products:-

i) carbon - for the removal of filue

gases or recycled as fuel.

ii) pozzdlan - as cement'replacement in
concrete,
iii) lightweight ~ for concrete.
aggregate
iv) iron - - for use in steel plants.

The total utilisation of p.f.a. could have a
large effect upon the economics of p.f.a. utilisation,
for example, companies which presently select for one of
the above could substantially increase their profitability

by the total utilisation concept.
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2'7'0

Summary of findings

From the foregoing, there appears to be broad

agreement that the inclusion of p.f.a. in concrete,

principally as a cement replacement material, affects the

concrete as follows:=~

i)

ii)
iii)
iv)

V)

vi)

Increases the strength at later ages (usually
affer 28 days).

Reduces the early gain in strength.

Improves workability.

Reduces the heat of hydration.

Increases the resistance to chemical
especially sulphate attack up to a certain
level of replacement.

Reduces the cost of concrete by reducing

the quantity of cemeﬁt and avoiding heat

of hydration problems.

Further, regarding the quality of p.f.a. it has been

suggested‘that a high ignition loss and increasing

coarseness is detrimental to concrete quality.

It also appears that there are areas about which

there is still some contention, and these are listed as

follows 3~

i)

ii)

The optimum cement (or fine aggregate)
replacement level,

The best method of including p.f.a. in
concrete whether by volume or weight.
replacement or further by cement or fine

aggregate replacement,
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iti)

iv)

Whether the benefication of p.f.a. is
either beneficial for the concrete or
economic for the producer.

The benefits cf p.f.a. in reducing
shrinkage and increasing resistance

to freeze/thaw conditions.
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3.0 'Research ijectiyes

3.1 " Introduction

The preceding chapter reviewed previous
reéearch work. This chapter outlines and discusses the
cost and performance criteria used to promote the use of
p.f.a. in concrete in the light of some of this previous
research and further considers the implications of Cp 110
'The Structural Use of Concrete' (29) in this context. The
chapter concludes with a discussion and summary of the
principal aims and objectives of this investigation.

&

3.2 Cost and Performance

In choosing structural materials the engineer
must consider two important aspects namely their cost and
performance.

The three principal constituents of concrete are.
listed as fpllows;.in order of their cost related to that

of cement:-

Constitﬁent " Cost ratio (1973 prices)
Cement 1.0

Aggregate ' : 0.16

Water =0 {(but rising)

If a fourth constituent e.g.‘p.f.a. is included

the order is as follows:- B}
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Constituent " Cost ratio (1973 prices)

Cement ; 1.0

P.f.a. 0.32
'Aggregate 0,16
Water =0 (but rising)

It is apparent that inclusién of p.f.a. as a cement
replacement tends to reduce the concrete cost whilst its
inclusion as an aggregate replacement tends to increase
the cost.

The decision whether or not to include p.f.a.
énd if so, at what level it should replace the other
constituents must therefore depend upon the following:-

i) The relative cost of a p.f.a. and non

p-f.a. concrete.

ii) | Conformity of either concrete to the

required performance specification.

The first aspect, relating to the economic level of
replacement cannot be established until thevsecond i.e.
performance in terms of the specification has been
ascertained. Therefore further discussion cf the former
will be left until the chapter on mix design (Chapter &)
and this chapter and the subsequent one (Chapter 4) will

concentrate upon the performance/specification aspects.

3.3 Concrete properties

Before proceeding further, the author feels that

a summary of the alleged benefits of including.p.f.a. in
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concrete would be useful. These are as follows;:~

i) Increased workability.
ii) Increased strength at later ages.
iii) Lower heat of hydration.
iv) Increased resistance to chemical
attack..
v) Increased resistance to freeze/thaw
action.
- vi) Reduced shrinkage.

Unfortunately, both time and resources précluded the

author from considering the verificétion of all of these
but it was felt that in the large majority of cases the
overriding considerations of most engineering specifications

are as follows:-—

i) Workability.
ii) Strength.
iii) Durability.

It is to be conceded that heat of hydration is an important
factor determining the use of p.f.a. in large mass concrete
structures but previoﬁs experience and research hasvbeen
almost unanimous in its agreement about this particular
benefit. (4) (18) (20)

Evidence_reéarding p.f.ats influence on the
freeze/thaw’and shrinkage characteristics of concrete is
less conclusive. HOWevér, in the former case it appears
to be detrimental only at large (> 40%) cement replacement
levels and in the latter case to be at best beneficial

and at worst ineffective. (12) (18)
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3.4  Specification, Compliance and CP 110 (29)

In 1972 the British Standards Institution
produced CP 110 'The Structural Use of Concrete', a code
of practice containing recommendations for the design and
construction of concrete structures, Of particular
interest to the author is section 6.0 'Specification and
Workménship‘. This contains references and recommendations
regarding permissible types and quantities of materials to
be used in concrete together with a brief outline of the
appropriate tests to be employed to establish certain
concrete and constituent properties.

The author will now briefly discuss the use of
p;f.a. in concrete in the context of CP 110 with particular
reference to constituent materials, workability, strength

and durability.

l"h

To begin with, a brief outline in paraphfase o
the relevant clauses will be given. From this will be
extracted the details which the author feels are most
pertinent to this project. Appropriate clause numbers
are included in parenthesis and quoted extracts are in
inverted commas.

3.4.1 ' Constituent materials of concrete (6,2)

" Cement (6.2.1)
"The éements used ‘should comply wifh the
following‘British Standards:
B.S., 12, 146, 1370, 4627, 4246, 915, 4248.
Where cements other than those complying

‘with the reguirements of B,S, 12 or B,S, 146
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are used, account should be taken of their
properties and any particular conditions of

use."

Aggregates (6.,2.2)

"In general, aggregates should comply with
the requirements of the following British
Standards:

B.S. 882, 1201, 877, 1047, 3797, 4619.
The engineer may specify or approve on
request the use of a§gregates including
types and gradings not included in British
Standards provided there are satisfactory
data on the properties of concrete made

with them."

Admixtures (6,2.4)

"Pulverised-fuel ash (6.2.4.3), The fineness
zone and the maximum sulphate content of
p.f.a. in accordance with B.S. 3892 should
be specified.

Pulverised fuel ash should not be used in
conjunction with a cement éomplying with
the requirements of B.S. 4027 in concrete

required to be resistant to sulphates."

3.4.2 " Workability (6.4.2 and 6.8.4)

C.P, 110 states that the workability of
- fresh concrete should be such that the

concrete is suitable for the conditions
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of handling énd placing so that after
compaction it surrounds. all reinforcement
tendons énd ducts and completely fiils
the fornwork.

" Workability should be assessed by means

of the following tests:-

Test Limits

+

SLump 25 mm or £1 of the
required value,
whichever is the

greater,

1+

Compacting Factor 0.03 where the required

value > 0,90,

I+

0.04 where the required

value > 0.80 < 0.90

1+

0.05 where the required

value < 0,80.

+

3 secs, or % of the

required value whichever

VeBe

is the greater.

3.4,3 Strength and Durability

- Grade designation (6.3.2 - see also 6.8.2 and

Table 47)

"The grade of concrete* required will depend

* numerically equivalent to the characteristic strength;
that strength below which not more than 5% of test results

shall fall (6.8.2,1)
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partly on thé particular usc and the
characteristic strength needed to provide
the structure with adequate ultimate
strength (see Table 47 C,P. 110) and
partly on the exposure conditions and
‘the cover provided to any reinforcement
or tendons. |

The characteristic strength is that
determined from test cubes at 28 days

for concrete with any type of cement

excluding high alumina cement concrete."

Minimum cement content (6.3.3 - see also
| Tables 48 and 49)

"One of the main characteristics influéncing
durability of any concrete is its
permeability.
With strong dénse aggregates a suitably
low permeability is achieved by having
a sufficiently low water/cement ratio
by ensuring complete compaction of the
CQnérete and by‘ensuring sufficient
hydration of the cement through

proper curing methods."

To satisfy the above, Table 48 gives. details
of the "minimum cement content required
when using a particular size of aggregate

in a Portland cement concrete to provide
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acceptable durability under appropriate
conditions oOf exposure” and Table 49
similarly gives the "minimum cement
content required for a particular type
of cement to provide acceptablé
durability under a particular degree

of sulphate attack." In the latter
case, particular stipulaticns are

laid down regarding the appropriafe
maximum free water/cement ratio to

be used for each condition.

The author wishes to make the following
observations regarding the above paraphrased extracts from
C.P, 110.

i) Pulverised fuel ash is classified
specifically as an admixture but
apparently the designer is not
precluded from constituting a
‘cement'! by mixing or intergrinding
0.P.C. with P.F.A, or even Blastfurnace
slag as is done in France. (4)

ii) There is pafticular reference to the
fineness and sulphate content of p.f.a.
but noné to ignition loss; a factor
thought to have a large influence upon
performance both with respect to average

quality and variability, (25) (26) (30)
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1id) Workability is recommended to be
measured by using the three standard
(31) workability tests e.g.“Slump,
Compacting Factor and Vebe.

iv) Characteristic strencth is determined
from test cubes at 23 days. (32)

V) There is no clear definiticn of what

is meant by 'minimum cement content!'.

For example could 'minimum cement

content!'! = minimum p.f.a. + O,P.C.
content?
vi) By specifically referring to particular

types of cement and aggregate in Table
49 ,use of p.f.a. in concretes exposed
to sulphate attack is precluded.
vii) There is no recommended test for
durability although reference is
made to the importénce of permeability
in this respect and ceriain recommendations
regarding minimum water/cement ratios

and cement contents are stated.

3.4.4 Discussion of Objectives

The author feels that although the role of p.f.a.
as an admixture should be maintained its role as an additive
in blended cements might warrant further consideration

especially with a view to its inclusion in Table 49 of
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Compécting Factor and VeBe for workability and cylinder
splitting (indirect tensile) and ultra-sonic pulse velocity
for strength. All of the above arz now recognised British
Standard tests (33) but there is comparatively little
correlative data for p.f.a, concretes using these tests.'

In addition,the authcr considered that although
Ehe standard workability tests are widely used, he would
take the opportunity of éomparing the British Standard
tests with a more fundamentally based 2 éoint test developed

by G.H. Tattersall of Sheffield University. (34)

3.4.5 - Summary of principal aimes and objectives

i) The comparison of the properties of
treated (P 1) and untreated (P 2)
p.f.a. material collected from a
single source (Fiddlers' Ferxry 'B!
Power Station via Pozzolanic Pty Ltd).
ii) The comparison of the performance
of fresh and hardened concretes
incorporating P 1 and P 2 with
those of an 0.P,C., control in
terms of workability, strength
and durability.

iii) From the results of i) and ii) the
establishment of a basis for
iﬁqorporating p.f.a. in concretes
designed to resist sulphate attack -

as outlined in Table 49 CP 110.

65



iv)

V)

The defermination of the most

economic mix or range of concrete
mixes incorporating each type of
p.f.a. material which compare most
favourably, in terms of workability,
strength and. durability, with those

of a chosen 0.,P.C. control

(containing no p.f.a.).

The correlative comparison of the
workability and strength tests applied

to the whole range of concrete mixes,
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CHAPTER 4

TESTING METHODS AND MATERIALS
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4.0 - Testing Methods and Materials

4,1 " Introduction

In this chapter attention will be paid to £he
definition, context and assessment of the workability,
strength and durability of concrete in terms of previous
work and available tests. This will be followed by a brief
description of constituent tests together with details of

the particular constituents used in this investigation,

4.2 " A review of the Testing of Concrete properties

4,2.1.0 Workability
Comprehensive definitions of workability are.
difficult to find but a few attempts on near definitions

will be referred to as follows:-

Neville (35) does not define workability but
says 'The strength of concrete of given mix pﬁoportions:
is very seriously affected by the degree of compaction;
it is vital therefore, that the consistence of a mix is
such that the concrete ean be transported, placed and
finished sufficiently easily without segregation'.

" Ritchie (36) divided rheology (or workability)

into three main areas namely;:-

i) Stability - bleeding and segregation.
ii) Compactability - relative density.
iii) Mobility - viscosity, cohesion and angle

of internal resistance.
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- Tattersall (37) suggests that there is not yet

any satisfactory definition of workability and none is
likely to emerge in the near future, However, he describes
the term as meaningful in a relative sense and suggests
three groups of terms to describe the behaviour of fresh
concrete:=
i) Qualitative
including - Workability (a general term)
Flowability
Compactability
Stability
Finishabkility
Pumpability
Extrudability
ii) Quantitative
including ~ Slump

Compacting Factor
V B time

iii) Quantitative Fundamental
including - Viscosity
Yield value

Mobility.

It 1s apparent from this classification that terms in
different classes are interrelated e.g., the pumpability of
concrete will 1argély be a function of its viscosity, yield
value etc. and 'compacting factor' a measure of a concrete's

‘compactability' etc,
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Ritchie (36) alleged that the term workability
has been greatly misused; many of the workability tests
being purely relative and there being no correlation between

the type of test and the application of its findings.

Tattersall (37) suggests the major criticism of
existing workability tests is that they are single point
tests i.e. that one measurement is made at a particular rate
of shear. For example two different concretee A and B may
have the same compacting factor but A will pump and B will
not indicating that the only workability characteristic that
they probably have in common is their compacting factors

which is a test at one particular rate of shear.

4.2,1.1 The 2 Point Test (34) (38)

Tattersall (37) suggests that there is strong
evidence that in practice concrete conforms to the Bingham
(rather than the Newtonian) model whose flow properties are
defined by the constant ratio of stress to shear rate.

He further suggests that the application of
. different rates of shear to a concrete and determination of
the corresponding shear stresses would provide a much more
comprehensive and a unique description of concrete behaviour.

If shear rate is plotted against shear stress an
indication of the dynamic resistance - or plastic viscosity -
of concrete can be obtained (from the slope). Extrapolation
of the line to the abscissa (zero shear rate) gives an

indication of its static resistance (yield).

70



The problems associated with such a test are
as follows:~
i) choosing a suitably robust and
sensitive apparatus,
ii) measurement of shear rate and

shear stress,

iidi) - segregation of concrete during
test,
iv) correlating test data with that

from existing workability tests,

V) repeatability of test,
vi) calibration,
vii) cost of apparatus and availability.

Preliminary trials with a Hobart FoodtMixer model AE 200
had been carried out at Sheffield University with a view
to its application for the above purpose. A tachometer
was used to determine the rotational speeds of the
epicyclic mixer blades and the torque (= sheai stress)
was measured using a wattmeter,

Calibration of the mixef to monitor performance
consistency was to be determined using a high viscosity
Newtonian fluid (of known viscosity). Tate and Lyles
Golden Syrup appeared to be suitable but as the result of
further investigation carried out by the author, its
- Vviscosity was found to be highly temperature sensitive

within the normal working range (15 - 25°C)
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The author, however, felt that inclusion of
this test in the program might provide useful information
regarding the more fundamental behaviour of concrete and

it was included finally in the program.

4,2,1.2 Selection of workability tests to be used

" in the investigation.

As the result of investigation into previous
work the author felt that the tests listed below should

be included in the investigation.

i) Slump

ii) Compacting Factor
iii) VeBe |

iv) 2 Point Test.

'Slump/CompaCting Factor/VeBe

The limitations of the above tests have been
described in detail by many people but for the following
reasons the above tests were considered for use in the
experimental work undertaken in this thesis:-

i) They are representative of current
site and laboratory tests throughout

the western world,‘(39)

ii) They are British Standard tests.

iii) They are all relatively simple to
perform.

iv) They have all been used in the

assessment of p.f,a. concretes,

.




In addition the flow table test was considered but as it
had been only occasionally used and then mostly with mortars
(18) (24) it was not carried further.

The 2 point test (34) (38)

This test was included for the following
reasons:-
i) It has a more fundamental emphasis
than existing tests.
ii) It is a more discriminating test
than the single point tests (e.g.
Slump, C.F., VeBe).
iii) Its sensitivity range was likely
to be better than existing tests
i.e, at high and low w/c ratios (40)
iv)v " A correlation between it and single
point'tests might be useful for its
further application.
In the event owing to delivery problems of the
AE 200 it was not possible to carry out all of the 2 point
tests contemporarily with the other workability tests. In
addition, tests were carried out using two different hooks
(nominally of the same type). Their geometrical similarity
enabled results from the two hooks to be combined using
graphical methods.
4,2,2,0  Strength
Strength tests can be divided into two main -

categories, destructive and non~destructive. The former
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measure the strenéth directly by the destruction of
specimens in compression or tension whereas the latter by
measuriﬁg properties such as the elastic modulus or the
pulse velocity give an indirect indication of strengthl

‘using appropriate calibration charts.

4.2,2,1 Destructive Tests

In the U,K. and in most other countries the
compressive strength test is the most widely used method
of determining concrete strength. The usual age of test
is 28 days (for ordinary Portland cement concrete) for
quélity control purposes but the 7 day strengths and
accelerated tests using high temperature curing can be
used to assess concrete strength. Most compressive strength
tests utilise concrete cubes or cylinders.

In recent years the Indirect Tensile strength
(Brazilian) test has gained favour over'the cube test wheres
the tensile property of concrete is important e.g., road
pavements,

Flexuraltstrength tests on concrete prisms have
the advantage of combining two tests in one specimen, as
the broken halves from the Flexural strength test can be
tested in compression. This latter is known as the
tequivalent cube'! method. (32)

Relationships between the above tests ﬁéve been
studied by many researchers and these will be referred to

later in the text,
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4,2.,2,2 'Non~destructivevtests (N.D.T.)

Non~destructive testing of concrete has until
recently not been extensively used in assessing concrete
strength. Its use hitherto was restricted to the laboratory
and isolated instances of suspected poor workmanship i.e.
detection of honeycombing and cracks etc.

The failure of High Alumina Cement concrete beams
at the Sir John Cass School, Stepney (41) has, however,
resulted in a wider realisation of N,D.T. potential for the
indirect aésessment of concrete strength especially Ultra-
sonic pulse velociﬁy and Rebound hammer tests. (33) (42)

Both of the above tests wére considered és
candidates for inclusion in the testing programme at an
early stage but it was decided that the Rebound hammer
technique in the form of the Schmidt Hammer was not
suitable for testing very young concretes, before
destructive testing, owing to minor damage caused by the
impact of the spring loaded mass. The Ultra-sonic pulse
velocity method was included as the»spécimens used for the
Flexural strength testing could be monitored up to the
testing date. Two further advantages of the U,S,P.V.
technique over the Rebound.hammer method were firstly the
latters surface sensitivity compared with the former;
giving possibly an incorrect assessment of the internal
characteristics of.the specimen and secondly the greater
- versatility of the U,S.P.V. technique (i.e. for crack
detection as well as strength assessment) meant.that it
Was'likely to be more widely adopted than the Rebound

hammer methods.
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4,2.2,.4 Seiection of strength tests to be used in the

" investigation

The initial selection of tests to be used
reflected a desire to represent current testing practice
in the U.K. and abroad combined with a regard of likelyj
developments in future testing practice. The selected

tests are listed as follows:-

Test B.S. No.,
i) Compressive Strength B.S, 1881 Part 4
ii) Indirect Tensile Strength B.S. 1881 Part 4

iii) Flexural Strength and
Equivalent Cube B.S. 1881 Part 4

- iv) Ultra-sonic Pulse Velocity B.S. 4408 Part 5

The Flexural Strength (Modulus of Rupture) test was
subsequently deleted from the testing program after mix

No. 68 as by this time it was felt that sufficient data had
.been obtained to draw a meaniﬁgful comparison with the
Indirect Tensile test. Hence previous work done on\p.f.a.
concretes which used the Flexural test could now be

compared with the test results of this project. Furthermore,
the flexural test is relatively extravagant in its use of
materials, time and storage space and its subsequent

omission allowed an acceleration of the mix program,

4,2,3.0 Durability

In deciding upon tests for durability the author

had to consider four major factors:-
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i) Previoﬁs work on testing p.f,a.
and other concretes for durability.
ii) Codes 6f practice relevant to the
above (C,P, 110 Tables 48 and 49).
iil) - ®ype of specimens to be tested.

iv) Resources available for testing.

Considering i) and ii) two testing methods

immediately presented themselves namely:-
a) Freeze/thaw exposure and

b) Immersion in aggressive solutions.

a) was immediately discounted as facilities were inadequate
to undertake a large investigation of this nature. The

author therefore chose b).

4,2,3,1 Immersion in aggressive solutions

The next choice to bé made was the solution (or
solutions) in which to immerse specimens and the level of
concentration;bearing in mind i) the short duration of the
research period and ii) previous work done in the fiéld.
8 (23) | |

The principal chemicals used in previous
assessments of resistance of p.f.a, concretes to chemical

attack are as followsg:~

i) Calcium Sulphate - Ca So

4
i1i) Sodium Sulphate - Na So,
iii) Magnesium Sulphate = Mg So,
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A combination of these was also tried. (23)
Previous experience has shown that Mg So4 has
~generally the most destructive effect upon concrete owing

principally to two factors:-

i) Combination of CiA (tri-calcium aluminate)
with sulphate in Mg So4 to form calcium
sulpho aluminate, and

ii) The formation of Mg (OH)2 (magnesium
hydroxide) which upsets the equilibrium
of the calcium silicate hydrates

(especialiy C3S hydrate) causing a

second destructive action. (76)

In view of the compound action of magnesium
sulphate and the short duration of the intended exposure,
a 3.5% (anhydrous) solution of magnesium sulphate was

chosen as the aggressive solution; a similar concentration
to that used by Miles. (23)

4.2.3.2 Testing methods for detecting attack

by sulphates

There has been much controversy and discussion
regarding the testing of concrete Specimens subjected to
sulphate attack.

A summary of methods considered by the author

is as follows:-
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i) Strength tests,

ii) - $ weight loss.
1ii) Ultra-sonic Pulse velocity/Electrodynamic.
iv) Surface area depletion.

V) Volume change - lehgth change.

All of the above are quantitative tests with the exception
of iv) which although usually a qualitative test has been
devélOped into a quantitative type by measuring corner
depletion., (44) |

Sprength tests were considered unsﬁitable by
the author because of the large number of specimens
necessary *to cérry out what was a SUbsidiary part of the
project.

% weight loss~was\considered a simple and quick
method of determining extent of deterioration and proved
to be effective. (45)

Ultra-sonic pﬁlse velocity was a previously
untried method probably because of the surface natﬁre of
sulphate attack but the author considered that if the ends
were suitably protected with grease the coupling of
transducers would present no problem and further that for
particularly susceptible concretes a dramatic change in
ultra~-sonic pulse velocity might be apparent. In addition,
the U.S.P,V. test can be carried cut with specimens
continually immersed in water (using suitable traﬁsducers)
and this would facilitate monitoring. The electrodynamic
method was conéidefed suitable but lack of time in the program

precluded its use,
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Surface area depletion as used by B.R.E. was
considered too tedious and the author decided that the
initial period of immersion was too short for effective
assessment to be made.

Volume change as determined by % change in
length has been used extensively (18) (45) but this method
is usually carried out on mortar specimens. For reasons
of time and convenience however it was felt that this
property might well be determined at a later stage,
should the period of immersion be prolonged, by compafison
with control specimens.

It was finally decided to monitor resistance to

sulphate attack by the following:-

i) Determination of % weight loss of
100mm cubes.
ii) Determination of $ change in U.S.P.V.

of 100 x 100 x 500mm prisms.

The principal reasons for choosing these metﬁods
were that they were easy to execute and allowed continuous
monitorihé of specimens; for an extended period if
- necessary. Subsequently, only % weight loss has shown
any significant change and U.S.P.V. measurements although
recorded have been omitted from the text. Monitoring of
specimens is still in progress. I

It was decided that all specimens should be cured
in standard (46) conditions for the first 28 days and then

be placed in 3.5% (anhydrous) magnesium sulphate solution.
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4.3 The testing of constituent‘materials.

4.3.1 " Influential factors

Reference has been made to the importance of
ensuring that the variability of materials 1s kept to a
minimum. However, applying large numbers of exhaustive
tests to materials can be both time consuming and counter
productive in the long run by providing too much information
from which to draw any conclusion. |

For thié reason, it was decided to restrict
these tests to the minimum necessary to comply with two

major requirements namely:-

a) to ensure good quality control
and
b) to highlight any differences between

physical characteristics of constituents
which might be related to their behaviour

in concrete.

With reference to b) pre&ibus tests have shown that
suitability of p.f.a. for use in concrete is unlikely to
be indicated by a single test but the measurement of
certain properties such as % passing No. 325 (44um) sieve
and % ignition loss have been shown to correlate well with
the water demand of the ash (25) (26) (30) which in turn
affects the workability, strength and durabiliﬁy of the

final product.



In view-of the above and the fact that the
material was obtained from a single source and selected
on a particle size basils, both materials were subjected to
particle size analysis involving a combination of the
techniques contained in B.S. 812 (49) and B.S, 1377 (50)

which was a sedimentation method based upon Stokes' Law.

4,3.2 " Tests and materials! properties

| For brevity a description of the tests carried
out is omitted however sufficient tests were made to comply
with a) and b). These are tabulated below. Brief
descriptions and the relevant British Standards are also

included.
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zable 4.3.2 A

m——————s

Sunmary of Tests carried out on constituent materials

. g o bl I
Test carried " S q g I B.S
out denoted o o) o o 8 8 T Description
thus AR
v 0 o) o) A D0 DO
&) o ¥ B |0
Specific BS 12 |Lee & Nurse & (47
surface i / Y - - |BS 3892| Rigden Cell. (48)
Specific BS 12 Density bottle.
gravity v e Y/ / / {BS 3892 ,
Sieve BS 812 Nest of sieves
Analysis (1) - Y Y Y v with mechanical
‘ vibration. (49)
Sieve :

. _ : _ {BS 1377] Sedimentaticn
Analysis (2) A method. (50)
Consistency Y Y v - - |BS 12 | Vicat needle. (47)
Moisture '
absorption - - - Y /

Chemical | A s o

Analysis / / y _ _ | BS 3892 Sulphite content.
(48)

Ignition ‘BS 3892| Weight loss in

Loss v v v/ | muffie furnace.
(48)
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Constituent

Description

Source

Cement

Pozzolan 1

Pozzolan 2

Fine Aggregate

Coarse
Aggregate

Water

Ordinary Portland

Treated p.f.a. *

Untreated p.f.a.

Zone 2 sand

20mm graded gravel

Tap water (potable)

Ketton,

Fiddler's Ferry 'B'
Power Station via
Pozzolanic Pty Ltd,
Chester.

Fiddler's Ferry 'B!
Power Station via
Pozzolanic Pty Ltd,
Chester.

Hoveringham,~
Finningley.

Hoveringham,
Finningley.

Yorkshire Water
Authority.

* Material in accordance with Agrément certificate

No. 75/283.

(51)
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Table 4.3.2 C

Properties’Qf‘Constituents_

N — N7 o
1 H ~~ ° .
Constituent > % '8 - oD o g
29 | 8be | S840 | &° o oo .
Qg ~ OO0 + | OO » 0T | nEQ9 ¥ Units
E . N — N0 mc:g 4 §T > Q
o O N Q e N 5 g 0 O © )
-|[Property (SR own & 05T AN W0 ON H H W]
o~ 0~ @ By~ QO ~ o b =
Specific * :
lgravity 3.16 2.22) ..1,99}) 2.68] . 2.66f{ 1.00 -
S ifi | * m2
pecLrie 292 276 189 - - - | =
surface Zone B|Zone A kg
% passing 99 99 91 1 0] - o
% retained) (1) (1) (9) 1(99) (100) °
on 150mm
sieve
% passing 70 93 48 o o
(¢ retained) (30) (7) (52) (100) (100) - %
on 44um sieve
Standard
.lconsistency 27 25 38 - - - $
Moisture .
absorption - - - 2,0 1.5 - %
(S.S.D.)
Sulphate
content as 0.44 2,04 2,33 - - - %
SO '
I+t 1. g
*
Ignition loss 1.6 4.4 6.8 - - - %
Moisture _ 0.5 0.5 - - - g
content

* non-compliance with Physical or Chemical requirements
of Agrément Certificate No. 75/283, A.S5. 1129 and
ASTM C 618 (see T.4.3.2 D)
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Table 4.3.2 D

Typical standard specifications for p,f.a.

'in Concrete (52)
Chemical
Property |S,0, + Mg O SO Loss on [Avail- Moisture
i~2 3 able
A1203 + ignition alkalis content
Fe,0, (Na20)
Standard min ~% max $ max % |max % max” % max %
Agrément
Certificate - - - 6.5 - -
No. 75/283
Australia
A.S. 1129 - - £s3 8.0 - 1.5
U.X.
B.S. 3892 - 4.0 2.5 7.0 - 1.5
U.S.A.
A.S.T.M. 70 - 5.0 12.0 1.5 3.0
C 618
Physical
Property gﬁti;gzg gﬁtzzﬁ;d Specific Surfgce Dens%ty
sieve sieve - Lea and Nurse (m4/kg) {kg/m
Standard (max %) (max %
Agrément
Certificate 2.5 12.5 Zone B, 275 - 425 2,000
No. 75/283 ’ . A(min)
Australia
A.S. 1129 10 50 -
U.K. - o Zone -
B 275 ~ 425
C 425
U.S.A.
A.S.T.M. - 20 325 (min) -
C 618 e
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4,3.3 'ObservatiQns

4,.3.3.1 Properties of constituents and compliance
(Table 4.3.2 C, Table 4,3.2 D)
Pozzolan 2 (untreated p.f.,a.) fails to comply

with the requirements of the following specifications.

Specification ; Compliance failure
Agrément Certificate Ignition loss, specific
surface.

oo

Agréement Certificate retained on 150mm sieve.

oo

Agrément Certificate retained on 44 pum sieve.

A,S, 1129 % retained on 44 um sieve.
A,S.T,M. C 618 % retained on 44 um sieve.
~A,S.T.M. C 618 Specific surface.

Pozzolan 1 (treated p.f.a.) from the same source

as Pozzolan 2 however complies comfortably with all the

requirements listed in Table 4.3.2 D.

4.,3.3.2 Grading curves (G. 4.3.2)

Pozzolan 1 and 2

The particle size distribution indicates that
Pozzolan 2 is a coarser material_than Pozzolan 1 although
paradoxically the standard consistency test (Table 4.3.2 C)
indicates that the formér (P 2) has a higher water demand
(38%). The author‘considers that this is probably due to
the influence of particle shape causing P 2 to have much
higher internal friction than P 1, accompanied’with higher

absorption by the carbonaceous material (6.8% for P 2
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compared with 4.4%.for P 1). The author also noted that
P 2 was distinctly less cohesive than P 1,

The Pozzolan 1 and 2 p.Zf.a.s are considerably
finer than the fine aggregate. The grading of P 1 is
reasonably uniform but less so at the coarse end of the
curve Where the grading could be affected by the selection
pfocess. The grading of P 2 is reasonably uniform through-
out the particle size range.

Fine aggregate and coarse aggregate

Both of these materials conform within the.
specification limits of B.S, 882 and 1201, 1965 (53)
although the sand is a relatively coarse Zone 2. The

gradings are reasonably uniform in each case.
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5,0 Mix DeSign

5.1,0 ‘Introduction

The process of mix design involves the economic
combination of concrete materials tb.éive the desired
physical properties in terms of workability, strength and
durability.

This sentence is merely a statement embodying
the essentials of the mix design process and one must move
from here to choose the particular materials which comply
with the specification laid down.

There are two principal ways in which this can

be done namely by the prescribed mix and designed mix

method. These will be briefly discussed.

5.1.1 Prescribed mixes (29)

In this method the quantities or proportions of
mix constituents are specified by the consumer with an
expectation, allowing for.normal variability of materials,
that the resulting concrete strength will be in excess of
the figure required; assuming ﬁhat normal workability
requirements are adhered to. Using this method, however,
the responsibility for strength falls upon the specifier
andkstrength is not used as a criterion by which acceptance
of prescribed mixes is judged.

Examples of prescribed mixes are foﬁnd in the

following:~
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CP 110 ' Table 50 (29)

CP 114 (known as standard mixes) *
CP 116 (known as standard mixes) *
5.1.2 " Designed mixes (29)

In this approach the consumer specifies the
required strength, workability and sometimes durability
of the concrete. It is the producers task to manufacture
concrete which complies with this specification; "A margin
for variability of materials and quality control is allowed
by the producer in order that a very small prbportion
(for example 5%) of the concrete produced is likely to be
below the characteristic strength or grade required by the
consumer.

The methods which the producer uses to produce
concrete of the required strength are numerous but most
methods incorporate an allowance for cement type,aggregaté
characteristics, in terms of aggregate grading and the
regularity of coarse aggregate and an.overall allowance for
quality control in the context of the production conditions.

The initial water, cement and aggregate contents
(or ratios) are usually obtained from charts or tables and
a trial mix manufactured. The trial mix is then tested
for workability and strength and adjustments are made to

mix proportions, if necessary, to comply with requirements.

* gee Miscellaneous References.
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At the beginning of the project two such methods

were wldely used in the U,K,, namely:-

i) Road Note 4 =~ Design of concrete mixes.
R.R.L. (54)
ii) The Basic Mix Method - C. & C.,A. (55)

Since the experimental portion of this research was
completed a third method has been published to supersede
Road Note 4 (which was primarily produced for concrete

pavements) namely:-

'Design of normal concrete mixes' by D,0.,E., C.% C.A.

BQR.E. and TQRQR!L' (56)

5.1.3 Design methods for Control Mix previously used

Previous work in the field of p.f.a. concretes
appeared to make use of standard mixes available.

Goodridge and Jackson (15) used 1:2:4, 1l:1%:3 type standard

mixes as controls and replaced fine aggregate and cement in
accordance with their standard proceddre. The work by
' Venuat et al (18) was conducted using l:3vmortarbspecimens
and similarly with Timms and Grieb. (12)
Only Cannon (22) appears to adopt a comprehensive
mix design approach for p.f,a. concretes although this has
the limitation that it is based on material from a limited
source. | -
Pozzolanic Pty Ltd used strength/workability
designed mixes which had been used for a considerable period

but the author felt that the durability aspect had not been

thoeroughly tested.
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After considerable consultation with organisations

such as C.E.G,B, and B.R.,E., the author decided to draw up

a list of requirements for the control mix and consider

these in the light of existing options, mentioned previously.

i)

ii)

iii)

iv)

These are considered in the next sub-~section.

" Requirements of Control Mix

These can be summarised as follows:-

It should provide adeqdate strength at
high water:cement ratios and high p.f.a.
contents to ensure that all strengths.lie
within the working range of the testing
apparatus at early ages and also to
facilitate the stripping of moulds after

24 hours.

The Cement/Fine Aggregate/Coarse Aggregate

ratios should be sufficient to ensure

satisfactory workability characteristics

throughout the water:cement ratio range.

Sufficient cement content to ensure
adequate resistance against chemical

attack.

-

A medium strength mix likely to be
representative of that used throughout .

the construction industry.
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5.2.2 Choice of Control Mix

‘The'initial choice was between a designed and
prescribed mix approach.

The author felt that although Road Note 4
featured in some of the previous work on p.f.a. concretes
(16) (54) (57)its exclusive dependence on the slump and
compacting factor as workability tests and its bias
towards concrete pavements limited its applicationlto this
work. Road Note 4 has since been superseded as mentioned
previously.

For specified strength and wOrkability, it was
felt that the Basic Mix Method (55) was applicable but in
common with Road Note 4 it utilised the slump and compacting
factor'tests and there was no provision for durability. It
was further considered that the relatively low cement
contents in mixes designed from purely strength/workability
considerations would result in very weak concretes at high
water:cement ratios and high cement replacement which would
not comply with i) above and limit the.range of cement
replacements to be explored.

As a result of the above the author felt that a
prescribed mix would more éuccessfﬁlly fulfil requirements 
i) - iv) and further that the prescribed mixes in Table 50
of C,P. 110 would provide an excellent base from which to
start in that an ailowance is made for durability in terms

of minimum cement content. (29)
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The current method of specifying mix proportions
in terms of kg/m3 instead of cement/fine aggregate/coarse
aggregate ratios is used here and presents a less confusing
picture to the producer especially when another ingredient
is introduced such as p.f.a.

In addition, the auﬁhor had seen little data from
concrete produced using Table 50 and considered that useful
information regarding the 'minimum cement content' might be
obtained with a view to replacing part of the 0.P.C, with
p.f.a. and measuring the effect upon resistance to chemical
attack. (29)

Most of the previous work done on p.f.a. concretes
had utilised medium strength mixes, therefore the author
decided that in order that useful comparisons might laterbbe

drawn that the control mix should be a medium strength/

)

workability ccncrete, This would also allow the author to
use cement replacements resulting in a reduction in the
0.P.C. content well below the 'minimum cement content'
level. (29)

Prescribed mix Grade 20, Table 50 C.P. 110 with
medium workability was considered the most suitable for this

purpose. Details are tabulated below.
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Table 5.2.2. Prescribed mix Grade 20 and

variants
Nominal - Nominal Nominal
characteristics mix quantities proportions (by wt)
Workabil-; .. Fine | Coarse
Strength it Water | Cement Agq. Aqq. 0.P.C./F.A./C.A.
Grade Slump (mm}kg/m3 kg/m3 kg/m3 kg/m3
- Zero 128 - 320 6 30 - 1170
20 25 -~ 75 160 320 630 117¢C 1 : 2.0 : 3.6
- Collapse 192 320 620 1170

Preliminary tests carried out using the proportions

set out above corresponding to 25-75 mm slump produced

: 2
compressive strengths ranging from 44.5 N/mm2 to 63.2 N/mm”

at 28 days with water contents of 160 kg/mi and 135 kg/m3

respectively.

it was decided that the water content of
160 kg/m3 produced a strength more appropriate to that of
a grade 20 concrete and this was adopted as the control.
In order to provide mére comprehensive information high‘
and low workability variants of the control were included
as base mixes. |

For the sake of numerical simplicity the author
decided to use the water contents listed above which
corresponded to water:cement ratios of 0.40 (zero)}
0.50 (25-75 mm), 0.60 (Collapse) where slump figures are

in brackets.
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These éhree mixes formed the bases of the
subsequent mix programme and thereafter virtually all p.f.a.
mixes were manufactured using one of the three waﬁer contents
listed above. It must be emphasised that wherever 'W/C
ratio' is used this refers to the W/C ratio of the base
(O.P.C.)mix and NOT of the p.f.a. mix to which it is
assigned. Put another way, (with one exception) only three
different water contents were used throughout the whole mix
programne.

Much of the previous work on p.f.a. concretes

had been done on the basis of equal workability. The
author felt this could be misleading for two reasons

firstly (a) because a single workability test could not
measure comprehensively the workability of concrete and
(b) in using the constant workabkility criterion it was
often difficult to isoclate variables, for example waterv
content and cement/p.f.a. content could be changed
simultaneousiy. |

The author considered that in adopting a 'grid'
approach and measuring the effects of cement and fine |
aggregate replacement with p.f.a. a more objective view

could be taken of the use of p.f.a. in concrete.

5.3.1 -~ Incorporation of p.f.a. in ‘concrete

P.f.a. can be incorporated in concrete in

several ways and these are listed below:-
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1) Cement replacement by volume of p,f.a.

ii) Cement replacement by weight of p.f.a,

iii) Fine aggregate replacement by weight of p.f.a.
iv) Fine aggregate replacement by volume of p.f.a.
V) Cement and fine aggregate replacement by

equivalent weight of p.f.a.

vi) Cement and fine aggregate replacement by
equivalent volume of p.f.a.

vii) Cement replacement by weight and fine aggregate
replacement by volume df p.f.a.

viii) Cement/p.f.a. ratio for equivalent water demand.

The author's choice of the method used in this work was

influenced by the following factors:-

i) The comparative water demands of cement,
p{f.a. and fine aggregate,
1i) The range of water contents of the concretes

being tested.

iii) The volumetric yield of the ingredients
beiné used.,

iv) ' The relative specific gravities of the
constituents.

The previous method of replacement used by Goodridge and
Jackson (15) was considered by the author but since this
method was orientated towards p.f.a./cement ratios rather
than p.f.a., cement contents the author considered this

method not easily compatible with that of the weight per

unit volume basis of Table 50, Further, the optimum
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Then 1) ‘ V. = M

c £
pcC
and
2) vpc = .ﬂ c
pp
But vV, = Vpc,=.15_/ig=.Mc
pc PP
3) . M = "pp . M
pc oC c
eP . Relative density of p.f.a. _
pC Relative density of cement p.f.a./cement Replacement
Factor
By similar reasoning
where Va .= YVolume of fine aggregate to be replaced.
Vpa .= Volume of p,f.a. to be substituted.
Mé = Weight of fine aggregate to be replaced.
M, = Weight of p.f.a. to be substituted.
pa = Solid density of fine aggregate.
pp - = Solid density of p.f.a.
4) Mpa .= PP . Ma
e
where
ep - Relative density of p.f.a. _ .
.= - — = p.f.a,/fine
pa Relative density of fine aggregate aggregate
~_ Replacement
Factor
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Using the above principals and using relative densitites *

from T, 4.,3,2 C a table of replacement factors can be drawn

-up for Pozz, 1, Pozz., 2, Cement and Fine Aggregate as

follows:
Table 5.3,2 Relative Densities'and‘ReplaCement'Factors
a1l Relative | Materials ~ relative|Replacement
Materia Density density ratio Factor
" Pozz, 1
2022, - , 700
Cement 3.16 Comont 0.7
Pozz, 2
Fine Agg. 2,68 Coment 0.630
Pozz. 1 : ’
. R O
Pozz, 1 2.22 Fine Agg. 0.83
. - ' Pozz, 2 A
Q poi v sl SOV ) .7-.-:0
Pozz, 2 1.29 Fine Agg. | 0
5.3.3 " Replacement levels for p.f.a.

Typical cement replacement levels previously used
for p.f.a. concretes ranged from O to 90% but in the majoritv
of cases the effective replacement levels (to maintain
adequate strength) was between 20 and 30% (by weight). Only
" Venuat (18) appears to have reached 90% cement replacement

and this using a 1:3 mortar mix,

* numerically equal to Specific Gravity.
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Fox coﬁbined cement and fine aggregate replacement
using Pozz, 1 and Pozz. 2 details are set out in Tables 5.3.3
C and D,

At maximum repiacement level i.e, at 50% cement
and‘35% fine aggregate replacement the weight of p.f.a.'
(293 and 263 per m3) approaches that of the cement in the
control mix (320 kg/m3) ‘

‘Further details of the respective quantities of

constituent materials per m3 are given in Appendix I.

. |replaced (k9

Table 5.3.3 A Cement replacement (C.R.) (kd/m3)*
o .
Cement 0 10 20 35 50 Replacement
replacement v Factor
Cement 0 32 64 112 160

Pozz. 1 (kg)
substituted

o 23 45 79 113 0.700

Pozz. 2 (kg)
substituted

o 20 40 70 101 0.630
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Table 5.3.,3 B Fine‘aggregate'replacement (F.A.R.)
% Fine Agg. Replacement
o 5 15 25 35
replacement Factorx
Fine Agg.
replaced o 32 95 158 221
kg !t 1
Pozz. 1
substituted (@ 26 76 129 181 -0.830
(kg)
Pozz. 2 .
substituted o 23 69 115 162 0.740
(kg) .....
Table 5.3.3 C  Combined F.A.R. and C.R. with Pozz. 1
- (k /m3)*
% F.A,R,
o 5 15 25 35
% C.R,
o 0o 26 76 1 129 181
10 23 48 | 99 152 204
20 45 71 122 174 226
35 79 105 156 208 259
50 113 139 190 242 293
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Table £,3.3 D Cpmbined FfA;R.‘and C.R.:with'POZZ} 2

- Gcg/m) *
0 5 15 25 35
0 o | 23 69 115 162
10 20 43 89 135 182
20 40 63 109 156 | 202
35 70 94 140 186 232
50 101 124 170 216 262

* Quantities based on Table 50, CP 110.

5.4 Explanation cf Nomenclature

In order to facilitate the recording of results
and final collation of data the following referencing system

was devised.

5.4.1 Mix No.

This refers to the chroﬁological position of the
mix and precedes the mix code, to be described below.
Mix No. 1 precedes No, 10 which in turn precedes No. 116

etc and embraces both QP.C and 0.P,C./p.f.a. mixes.
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'5.4.2 Mix Code

This describes the mix more specifically in
terms of 1evei of cement/fine aggregaté replacement,
pozzolana used and water content, A six and eight figure
code describes 0.P.C. and O.P.C./p.f.a. mixes ;espectively

as follows:~

5.4.3 ' Figures'1:~‘4 refer to type of mix i.e, 0.P.C.

or O.P,C./p.f.a. and level of cement replacement.
e.g. 00 = % cement replacement (no p.f.a.)

P 110 10% cement replacement with Pozz., 1

i.e. Pl indicates that the mix contains p.f.a.
type Pozzolan 1 at a replacement level of 10% by weight

of cement with an equivalent volume of P 1,

5.4.4 Figures 5 - 6 refer té the levél of fine
aggregate replacement. |
e.g. 00 = 0% fine aggregate replacement.
15 ‘2 15% fine aggregate replacement with
p.f.a. (type denoted by Figures 1

and 2).

- 5.4.,5 Figures 7 —~ 8 refer to the water content of

the mix in terms of the water:cement ratio of the 0.P.C.

base mix.

m

€.g. 50 water content of 160 kg = 0.50

where 0.50 water:;cement ratio of O.P.é. base mix.
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5.4.6  Iypical mixes and mix codes

‘Exémgle 1

A mix with the same basic proportions of cement,
fine aggregate and coarse aggregate as control but with
10% cement and 15% fine aggregate replacement with Pozz. 1
and water content of 160 kg = 0.P.C. base mix water:cemenx

ratio = 0,50 is coded as follows:=-

P 110/15/50

A similar mix but with Pozz. 2 instead of Pozz., 1 is coded

P 210/15/50.

ExamEle 2

A mix with 0% cement and 0% fine aggregate
replacement and water content = 160 kg = water:cement

ratio (0.P.C. base mix) of 0.50 is denoted
00/00/50 (which is the Control')

Example 3

A mix with 0% cement, 5% fine aggregate
replacement with Pozz. 2, water content of 128 kg = O,P.C.

base mix, water:cement ratio of 0.40, is denoted

P 200/05/40

5.4.7 Water:cement ratio

Subsequently, the author wiil use the following

notation for water:;cement ratios.

Wy .= water;cement ratio (i,e. where cement is 0.P.C.)

by weight.
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WQ: (i.e. constant watexr volume) = water;cement ratio
c
by weight of 0,P.C. base mix.

In the case of base and control mixes
- . )
/C i /C

(o]

Examples 1 -~ 3 from above, tabulated below will further

illustrate this point.

Table 5.4.7
Examples 1 - 3 W) W/ Water
' C Cc content
(mix code) (ka)
P 110/15/50 0.55 0.50 160
00/00/50 0,50 0,50 160
P 200/05/40 0.40 0.40 128

5.5 Conc;ete Yield

The prescribed mixes in Table 50, CP 110 contaiﬁ
estimated weights of constituents necessary to produce 1 m3
of fully compacted concrete. These are based upon the
relative densities of the constituents'(see Cl 5,3.2) ,
aséuming that sufficient volume of water has been added to
give the specified'workability, in this case 25 - 75 mm

slump.
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