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Abstract. In the present study two pozzolanic materials are used, Metakaolin (MK) and Fly Ash (PFA), as binary and ter-
nary partial replacement binders with Portland cement (PC) to investigate their effect on standard consistence and setting
times of paste. To maintain standard consistency for MK—PC pastes increasing w/b ratios are required with increasing MK
levels, whereas PFA has little influence on consistency. For binary MK-PC pastes there are substantial increases in initial
and final setting times at 5% MK followed by decreases at 10 and 15% MK before further increases at 20% MK. For bi-
nary PFA-PC pastes however setting times increase at approximately the same rate up to 30% PFA and then increase
more sharply between 30% PFA and 40% PFA. In general the effects of both PFA and MK on consistency and setting
times in binary pastes are reflected in the behaviour of the ternary pastes although the two pozzolans do not behave completely
independently of each other. The different ways in which the two pozzolans influence setting times is explained in terms of dif-
ferences in their pozzolanic activities and in the manner in which they influence the availability of water for hydration.

Keywords: cement paste, fly ash, metakaolin, pozzolans, standard consistence, setting time.

1. Introduction

Knowledge of the setting characteristics of concrete is
important in the field of concrete construction (Brooks et
al. 2000). It assists in the scheduling of the various stages
involved in concrete construction operations such as
transporting, placing, compacting and finishing of con-
crete. When placing concrete in formwork there are other
factors to take into consideration apart from setting time
that can cause the concrete to stiffen for example impact
of concrete discharge, permeability/watertightness of
formwork and plan shape of cast section (Clear and Har-
rison 1985). The loss or displacement of water from the
mix can cause the structure of the fresh concrete to
change from a quasi liquid to relatively stiff mix with
water contained within the voids (Clear and Harrison
1985). When water is mixed with cement various reac-
tions occur leading to the formation of hydration products
which cause an increase in stiffness of the cementitious
matrix as a function of time. The stiffening behaviour of
the matrix is determined by the initial and final times of
setting. The initial time of setting of the matrix refers to
the beginning of hardening for a given mixture. At this
stage concrete can neither be properly re-tamped nor can
it be handled and placed. The final setting refers to the
stage when the mixture attains sufficient hardness to sup-
port stress (Naik ef al. 2001).

Chen and Older (1992) investigated 16 cement
pastes made from cements of different laboratory-made

clinker compositions and containing different amounts
and forms of calcium sulfate. A water-cement ratio of 0.3
was used except in two pastes with 0.4 and 0.5. The be-
ginning and end of setting was investigated, the latter
being determined by the Vicat method as specified in
ASTM C-191. The authors found that “normal” setting
of Portland cement is associated with C;S and/or C;A
(+C4AF) hydration and formation of C-S-H gel and et-
tringite. Ettringite formation appears to have an important
function in cements with high C;A content. Although,
during setting, the paste acquires some strength, for prac-
tical purposes it is important to distinguish setting from
hardening, which refers to the gain of strength of a set
cement paste (Neville 1995).

Brooks et al. (2000) reported initial and final setting
times of concrete (from tests performed on mortar ob-
tained by sieving freshly mixed concrete) with binary
PC-FA blends as binder and with 10, 20 and 30% re-
placement of PC by a FA. In this case a sulphonated vinyl
co-polymer superplasticiser was used in the mixes and
the Class F FA did not exceed 30% PC replacement. The
authors observed increased retardation at increased FA
replacement levels for initial and final setting times. As
replacement level was increased to 30% FA, the initial
and final setting times increased by a factor of 1.6 and 1.5
respectively. At the same replacement level, the results of
Eren et al. (1995) showed that the initial and final setting
times increased by factors of 1.28 and 1.21. One reason
suggested by the authors for this difference in the results
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was the use of superplasticiser in their investigation. (In
the current work no SP was employed and an even higher
replacement level of 40% FA was used). The work by
Brooks et al. (2000) supports earlier work by Carette and
Malhotra (1984) who found that in general, apart from
one FA, all the FA samples employed caused an increase
in the initial and final setting time of concrete. The retar-
dation of the setting time depended upon the source of
FA used. FA from various sources was used with the
calcium oxide (CaO) content varying in the range of 1 to
13%. In addition Mailvaganam et al. (1983) observed,
when investigating setting times of ternary blended con-
crete made with a slag and FA, that concrete mixtures
made at 20 °C with 30% FA had extended initial setting
times in the range of 1 to 1.75 hours. Concrete mixtures
were prepared using various chemical admixtures at two
different temperatures. Neville (1995) suggests that the
retarding effect of the initial set, typically of about one
hour, is probably caused by the release of SO, present at
the surface of the FA particles. Lee et al. (1999) investi-
gated properties of classified fly ashes by using an elec-
trostatic precipitator and the modification of fly ashes by
carbon removal. Nine fly ashes were classified by using
an electrostatic precipitator and modified by calcination
at 500 °C or treated in a plasma reactor. The authors re-
ported that early hydration of cement was retarded by the
addition of superfine fly ashes.

In contrast MK has a very different effect on setting
times compared to FA. Although there is an increase in
both initial and final setting times at low MK levels, a
drop at 15% replacement was reported by Brooks et al.
(2000). This was in contrast to the other mineral admix-
tures investigated (silica fume (SF), FA and ground
granulated blastfurnace slag (GGBS)), which all showed
increasing setting times with increasing replacement level
and with higher effective superplasticiser (SP) dosage.
The authors pointed out that the effect at around 15% MK
was peculiar to the MK pozzolan and did not occur with
SF which is also a highly active pozzolan. The initial and
final setting times of concrete (tests performed on mortar
obtained by sieving freshly mixed concrete) with binary
PC-MK blends as binder and with three (5%, 10% and
15%) replacement levels of PC by MK was investigated.
The authors used a superplasticiser in the mixes based on
sulphonated vinyl co-polymer. In the current work no SP
was used with MK and an even higher replacement level
0f 20% MK was used.

Vu et al. (2001) investigated standard consistence
and initial and final setting of pastes with up to 30% re-
placement of PC by calcined kaolin (K). The K was pro-
duced by heating kaolin at 800 °C for two hours. At low
replacement levels of PC by MK (10% and 20%) the
initial and final setting times were similar to that of the
PC control indicating little retardation. Beyond this range
the initial and final setting times increased by about 10
and 15 minutes respectively (Vu ef al. 2001). The authors
proposed that this was due to the lower cement and rela-
tively higher water contents involved. Over the replace-
ment range of 10% to 30% replacement of PC by K the
w/b ratio to achieve standard consistence varied from 0.3

to 0.41 with the PC control at 0.25. Overall, to achieve
standard consistence with increasing replacement levels
of K, an increase in w/b ratio is required.

From previous reports it is apparent that when FA
replaces PC in binary binders there is retardation in the
initial and final set of mortar and concrete, with greater
retardation occurring at higher replacement levels. This
also applies when MK is used as a binary binder with PC
at low MK levels but reverses at 15% replacement
(Brooks et al. 2000). This is an interesting observation as
replacing PC with increasing levels of pozzolans in-
creases the separation distances between PC particles
which, assuming negligible initial pozzolanic reaction,
generally has the effect of increasing setting times as
more hydration product is required to develop a rigid 3-
dimentional interconnected network. This paper reports
on two pozzolanic materials, MK and PFA, as binary and
ternary partial replacement binders with PC to investigate
their effect on standard consistence and setting times.

2. Experimental procedure

A Vicat apparatus was used to measure standard consis-
tence, and initial and final setting time after the reactants
were mixed together and placed in a mould.

2.1. Materials and mixing

Data on the oxide compositions, and properties of the
cementitious materials used in this research including the
phase composition of Portland cement calculated using
Bogue’s equations, are shown in Table 1. A single batch

Table 1. Compositions and physical properties of PC and PFA, MK

i Compositions (%)
Oxside

PC* | MK" | PFA®
SO, 20.80 | 52.10 49.80
Al,O4 4.80 | 41.00 26.40
Fe,0; 3.60 4.32 9.30
CaO 63.40 | 0.07 1.40
MgO 1.10 0.19 1.40
SO; 3.10 — 0.80
Na,O 0.13 0.26 1.50
K,O 0.84 0.63 3.50
TiO, 0.30 0.81 1.00
Cl — — 0.01
Freelime 1.40 — —
Bogue’s composition (%) PC MK PFA
Tricalcium aluminate (C;A) 6.63 — —
Tricalcium silicate (C5S) 53.7 — —
Dicalcium silicate (C,S) 19.21 — —
Tricalcium alumina ferrate (C4,AF)| 10.95 — —
Properties PC’ | MK® PFA®
Loss on ignition 1.90 0.60 4.90
Specific surface area (m?/g) 0.44° | 12.00° | 0.53°
Initial setting time (mins) 1307 — —
Final setting time (mins) 165 - -
Standard consistency (%) 27" — -
True material density (g/cm’) 3.07% | 2.34% 2.47%

Data supplied by: * Rugby Cement Ltd; ° Imerys; © UKQAA
Experimentally determined: ¢ XRF; ¢ Malvern Particle Size Ana-
lyser (Mastersizer 2000);  Vicat apparatus; ¢ Density bottle method
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of South Ferriby Portland cement, in accordance with BS
EN 197-1 (British Standards Institute 2000) supplied by
Rugby Cement was used. Imerys supplied the MetaStar
501 MK and its composition is given in Table 1. United
Kingdom Quality Ash Association (UKQAA) formerly
Ash Resources Ltd supplied the class F, low lime PFA, in
accordance with BS EN 450 (European Standard 1995)
and its composition is given in Table 1. The reactive sil-
ica content was determined by double evaporation
method (Associate Cement Cos. Ltd, India) as per
BS EN 196-2 (British Standards Institute 1995a) is
34.3%, thus approximately 69% of the silica content in
the PFA is reactive.

The PC, PFA and MK were blended by hand until a
uniform colour was achieved and a total solids content of
500g per pozzolan was investigated. The details of the
mix proportions are presented in Table 2.

Table 2. Mix proportions for standard consistence and setting
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ized mix water was allowed to equilibrate to ambient
temperature for 24 hours prior to mixing. Mixing was
carried out in a Kenwood Chef Major KM250 mixer in
accordance with BS EN 196-3 (British Standards Insti-
tute 1995b), for a total mixing time of 3'/, minutes. The
paste was placed in a cylindrical 75 mm diameter by
40 mm long mould. The surface of the paste was
smoothed, in preparation for the test to be completed at
four minutes. Details of the mixing duration are presented
in Table 3.

Table 3. Mixing duration for standard consistence and setting
time in accordance with BS EN 196-3 (British Stan-
dards Institute 1995b), Kinuthia (2000)

Overall time Duration o .
peration
Time seconds seconds
zero - 5t010 Add blend to water
0 0 End of adding blend
to water
90 90 Initial slow mix
105 15 Scrapping and
4 clearing of bowl
minutes 195 90 Second slow mixing
240 45 Transfer to mould-
Vicat apparatus
4% 270 30 Penetration

time
wt%) | = ® ,

£ 2.8

= o 2

PC| PFA [MK| ¢ PC |PFA|MK | § =
—_— T o

8 o 5 Q

S Z 3

1 |100] O 0 0 Control [500| 0 0 |0.268
21951 0 5 5 MKonly|475| 0 | 25 | 0.88
3190 O 10 10 4501 0 | 50 |0.306
48| 0 15 15 4251 0 | 75 10.333
5180 0 |20 20 400 0 [100]0.364
6190 10 | O 10 |PFA only|450] 50 | 0 [0.267
7180 20 | O 20 400 (100 0 |0.268
8170 30 | O 30 350|150 0 |0.269
9160 40 | O 40 300(200| 0 |0.271
10190 5 5 10 10 450 25 | 25| 0.87
11|80 15 5 20 20 400 75 | 25 10.284
12180| 10 |10 20 400 | 50 | 50 | 0.308
13{80| 5 15 20 400 25 | 75 |10.334
14170 | 25 5 30 30 350|125 25 |0.282
1570 20 |10 30 350|100 | 50 |0.305
16|70| 15 |15 30 350 75 | 75 |0.348
17|70 10 |20 30 350| 50 [100]0.397
18|60 | 35 5 40 40 300|175 | 25 [0.293
19160| 30 |10 40 300|150 | 50 |0.318
20160| 25 |15 40 300|125 | 75 | 0.356
21160| 20 |20 40 300|100 | 100 | 0.388

2.2. Standard consistence and initial and final setting
times

Standard consistence, and initial and final setting time
tests on the PC, PFA-PC, MK-PC and MK-PFA-PC
pastes were carried out using a Vicat apparatus in accor-
dance with BS EN 196-3 (British Standards Institute
1995b). Both the standard consistence tests and the set-
ting time tests were carried out at (20 + 1) °C. The deion-

The standard consistence was that recorded for the
test in which the plunger of the Vicat apparatus pene-
trated the paste to a depth of thirty-four mm (i.e. (6 + 1)
mm from plunger to mould base plate) in 30 seconds. The
value recorded was an average of two equivalent tests.
Once the paste's standard consistence had been estab-
lished the setting time was determined.

The initial setting time was determined from a series
of penetration measurements at ten minute intervals, on a
paste of standard consistence BS EN 1963 (British Stan-
dards Institute 1995b). The initial setting time value re-
corded was an average of two equivalent tests. After de-
termination of the initial set the mould was inverted and a
penetration test performed every 30 minutes with the
appropriate needle. The final set value recorded was an
average of two equivalent tests.

3. Results
3.1. Standard consistence

The results from standard consistence, and initial and
final setting time tests are presented and discussed in the
following paragraphs.

3.1.1. Standard consistence of binary MK-PC and
PFA-PC pastes

The results showing the w/b ratios at standard consistence
for the different binary pastes are presented in Fig. 1. In
MK binary pastes the w/b ratio needed to give standard
consistence increases with increasing MK replacement
levels, whereas with PFA binary paste the w/b ratio nee-
ded to give standard consistence is similar to that for PC
at all replacement levels.
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—— MK —— PFA

0.40
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0.30
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wi/b ratio at standard consistence

0.25
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Replacement level (%)

Fig. 1. w/b ratios at standard consistence for binary MK—PC
and PFA-PC pastes

3.1.2. Standard consistence of ternary MK-PFA-PC
pastes

The results showing the w/b ratios at standard consistence
for the different ternary MK—PFA-PC pastes are pre-
sented in Fig. 2. In ternary MK—PFA—PC paste as in bi-
nary MK—PC paste the w/b ratio for standard consistence
increases with increasing MK replacement level (Fig. 1
and Fig. 2a). More water is required for the wetting of the
MK surface than for that of the PFA or PC because of its
much larger surface areas, this is supported by earlier
work of Bai and Gailius (2009). However although at 0%
MK content the w/b ratio at standard consistence remains
relatively unchanged with increasing PFA content, at
increasingly fixed MK levels (Fig. 2b dotted curves) the

o10 © 20 A30 X 40 (%) total replacement level

0.45

(a)
0.40 A20% MK 20% MK

20% MK 5 M’K\)<5% MK
0.35 - PN

15% MK 10% MK
10% MK 10% MK X

0% MK ,

A
0.30 M
5% MR ST MK K RN 5% MK
0% MK 0% VK
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0.20
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PFA replacement levels (%)
o010 ©20 A30 X 40 (% total replacement level
0.45
o (b)
2
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@ - ——%
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0.35 ===
E 15% MK === 10% MK
-
o ) 10% MK_ _
s 0 30;1(2/‘1.’%.__.._ 10%MK _ e a 5% MK
N A e _Sh MK
S heee-- QAMKRL oo oo A
T 0.5 0% MK 0% MK~ 0% MK
2
H
0.20
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PFA replacement levels (%)

Fig. 2. w/b ratios at standard consistence for binary and ternary
MK-PFA-PC pastes

w/b ratio at standard consistence tends to increase with
increasing PFA content, suggesting that the two pozzo-
lans are not operating independently.

Vu et al. (2001) also reported similar results to those
obtained by the author for standard consistence of pastes
with binary metakaolin — PC blends as binders with up to
40% replacement of PC by calcined kaolin (K) (which
was produced by incinerating Kaolin powder at 800 °C
for two hours). The replacement range of 10 to 40% rep-
lacement of PC by MK the w/b ratio at standard consis-
tence varied from 0.3 to 0.45.

3.2. Initial and Final setting time

3.2.1. Initial and Final setting times for binary
PFA-PC and MK-PC paste

Fig. 3 shows the change in initial and final setting time at
standard consistence of binary PFA-PC paste composi-
tions. As might be expected both the initial and final set-
ting times increase with increasing PFA content although
the increase between 30 and 40% PFA is significantly
greater than for the other intervals.

Fig. 4 shows the change in initial and final setting
time at standard consistence of binary MK-PC paste
compositions. For the binary MK—PC blends the initial
setting time shows a substantial increase at 5% MK and
then decreases slightly at 10 and 15% MK before increas-
ing further at 20% MK. A similar trend but more well
defined is also observed for the final setting time. This
suggests that the MK is contributing to and influencing
hydration and setting in a non-systematic manner.

—&— Initial setting times —¢— Final setting times

45
=
w40 A
5
2
< 35
g A/V// g
o> 30 /
é </ //
B 25
‘/
20 ‘

0 10 20 30 40
PFA replacement level (%)
Fig. 3. Initial and final setting times for binary PFA-PC pastes

—&— Initial setting time  —@— Final setting time

45
F 40
>3
2
< 35
[
£ /e/\°\/
E) 3.0</
x p
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o 25 —
4
2.0 ‘ ‘ ‘
0 5 10 15 20

MK replacement level (%)

Fig. 4. Initial and final setting times for binary MK—PC pastes
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3.2.2. Initial and final setting time of ternary
MK-PFA-PC paste

Figs 5 and 6 show respectively the changes in initial and
final setting times with increasing PFA content at stan-
dard consistence, for ternary MK—PFA—PC pastes. For
ternary binders with a fixed MK content the general trend
of increasing setting time (initial and final) with increas-
ing PFA content is still maintained. However the way in
which each setting time — PFA content curve shifts as the
MK content increases is again non-systematic and mirrors
approximately the way in which the setting time of the
binary MK-PC blends vary with increasing MK content
(Figs 4 and 6). That is, a significant increase in setting
time when 5% MK is incorporated, very little further
change in setting time (or a reduction in setting time for
the lower PFA levels) when 10% or 15% MK are incor-
porated, and then a further increase in setting time when
20% MK is incorporated. However at high total replace-
ment levels (i.e. 40%) the setting time minimum does
shift to lower MK contents (and consequently higher PFA
content).

Brooks et al. (2000) reported initial and final setting
times of mortar with binary MK—PC blends as binder and
with up to 15% replacement of PC by MK. However the
authors used superplasticiser in the mixes and did not
exceed 15% PC replacement. Interestingly however their

€ 35

0
2 40% replacement level 15% MK 0% MK
3 30 20% MK N\
e 0
> 10% MK 5% MK
= 25
@
® PC control
e
z 2.0
£ 35
o 0
2 - 10% MK 30% replacement level
.g 3.0 a P 0% MK
2 \./ 5% MK
§ 25 15% MK
w PC control
=21 S —
2 35
2 20% replacement level
e 5% MK
g 30
=S 20% MK
£ LsP 10% MK
o~ 0% MK
‘_c: 15% MK PC control
E o
£ 35
2 10% replacement level
£ 307—s5%MmK
2
£ 251 0% MK
& 10%MK PC control
N U
2 20
- 0 10 20 30 40

PFA replacement levels (%)

Fig. 5. Initial setting times for binary and ternary MK—-PFA—PC
pastes

59

results also showed a drop in both initial and final set at
15% replacement. This was in contrast to the other min-
eral admixtures investigated (SF, FA and GGBS) which
all showed increasing setting times with increasing re-
placement level and with higher effective superplasticiser
(SP) dosage. The authors suggested that the anomalous
behaviour at 15% MK content might be due to the in-
creased water demand which produces a denser binder
phase that speeds up setting, this effect being offset by
lower PC content and the higher effective SP dosage.
However in the current work where no SP was used there
is a further marked increase in setting time at 20% MK
replacement level even though there is still a fall in set-
ting time at the 15% MK level. Brooks ez al. (2000) also
pointed out that the effect at around 15% MK was pecu-
liar to the MK pozzolan and did not occur with SF which
is also a highly active pozzolan. This again suggests that
the MK is having a very significant and non-systematic
influence on the hydration process even when combined
with PFA.

4. Discussion

The binary MK-PC and PFA-PC and ternary (MK-
PFA)-PC paste blend results for standard consistence and
initial and final setting times indicate the way in which
the individual components of the blends influence the

50
40% replacement level
45 B 15% MK

20% MK %MK
]

5% MK

35 10% MK

3.0 PC control -

2 S e e e

5.0

30% replacement level

45 20% MK

4.0 N 10% MK_ 5% MK

0% MK

35
15% MK e
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Final setting time (hours)  Final setting time (hours)
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4.0
3.5 e 20% MK 10% MK

3.0 +— 5% MK——
[/ PF—_—————

Final setting time (hours)

5.0
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4.5 —
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5% MK
35

——=~_0% K
3.0
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Fig. 6. Final setting times for binary and ternary MK—PFA-PC
pastes
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uptake of water both by physical absorption and by hy-
dration and also the way in which each impacts on the
hydration process. PC was used, without the addition of
MK and PFA, as a control to assess the difference if any,
that the effect of the replacement materials made to the
standard consistence and setting times of the various
compositions. It should however be noted that standard
consistence is measured more or less immediately after
water is added whereas setting times are measured over a
period of between two and five hours after adding water
so the two properties have no direct equivalence.

The influence of the two pozzolans PFA and MK on
consistency is clearly illustrated in Fig. 1. Replacing PC
with up to 40% PFA has a negligible effect on standard
consistence, indicating that the PFA has a similar effect
on immediate water demand as does PC. However par-
tially replacing PC with up to 20% MK has a substantial
effect on consistency, in that increasing w/b ratios are
required to maintain standard consistence as the MK level
increases. This indicates that MK has a much greater
effect on immediate water demand than does the PC. The
increased water demand by the MK is also clearly appar-
ent in the ternary MK—PFA-PC Apastes Fig. 2a, where
for a given PC total replacement level the w/b ratio to
maintain standard consistence again increases with in-
creasing MK content. Also the steepness of the increase
appears to be greater at higher total replacement levels. In
addition, although at 0% MK content the w/b ratio at
standard consistence remains approximately constant
with increase in PFA content (Fig.2b), at increasing
“fixed” MK levels the gradients of the w/b ratio — PFA
content curves increase. This suggests that the two poz-
zolans do not operate completely independently of each
other with respect to standard consistence.

The large water requirement of the MK is explained
by its very large specific surface (12 m?/g) in comparison
with that of PFA (0.53 m%/g), which is similar to the PC
(0.47 m%/g). The consistencies of the pastes are measured
immediately after the addition of water and are related to
the amount of free water available to reduce viscosity and
act as a lubricant. However between the addition of water
and setting (which occurs between 2 and 5 hours after
adding water), the chemical reactions which are initiated
(principally the hydration of PC and the pozzolanic reac-
tion of MK) have a profound influence on both the solid
to liquid ratio and of the water adsorption/absorption
properties of the solids present. For example the chemical
loss of water prior to setting, but whilst the paste is still
fluid, will tend to cause solid particles to move closer
together particularly when surface tension effects begin to
operate, and the paste will naturally stiffen. Stiffening is
followed by setting and setting occurs when a rigid inter-
connected network of reaction products develops which
bind the solid particles together.

When PC is partially replaced by a pozzolan that
experiences little change in its propensity to adsorb/
absorb water or to react during the period from adding
water to initial set (i.e. it behaves as a broadly inert solid),
the setting time of such a paste would be expected to
increase with increase in pozzolan content. This is be-

cause as the pozzolan content increases the hydrating
cement particles are forced further apart, thus increasing
the time period for production of sufficient reaction prod-
ucts to form a rigid interconnected network. It appears
from the current results Fig. 4 that PFA-PC pastes be-
have in this manner in that both initial and final setting
times increase continuously with PFA content up to 40%
PFA. In fact the highest PFA content (40%) results in a
steeper increase in both initial and final set than do the
previous increases, which might be expected in that for
very high replacement levels cement particle separation
distances will become so great that setting will not occur
at all.

Clearly MK—PC pastes do not behave in this simple
manner (Fig. 4) in that setting times (both initial and final)
initially increase (5% MK), and then decrease (10% and
15% MK), and then increase again (20% MK). These re-
sults confirm previous reports by Brooks e al. (2000) and
Vu et al. (2001). However, unlike PFA, MK does not act
initially as an inert material. It has a high water require-
ment, therefore increasing water additions are needed as
the MK content increases, in order to maintain standard
consistency and determine setting times. Also it is a highly
active pozzolan and interacts with Ca>" very rapidly modi-
fying its water adsorption/absorption properties, and sub-
sequently producing cementitious reaction products.

The pozzolanic reaction of MK is known to be high-
ly complex. The direction of the MK reaction is strongly
influenced by the composition of the blend. At low MK
to PC ratios the abundant supply of Ca*" leads to forma-
tion of C4AH;; and C—S—H gel (see Wild er al. 1998)
whereas at high MK to PC ratios the MK reaction prod-
ucts are C;ASHg and C—S—H gel. The water demand of
the former reaction (Wild ef al. 1998) is higher than for
the latter reaction, thus contributing to the water demand
of the MK, particularly at low MK to PC ratios. Interest-
ingly Wild et al. (1998) reported a minimum in chemical
shrinkage for PC-MK pastes at 15% MK and attributed
this minimum to reduced formation of C,AH;; and in-
creased formation of C,ASH;. Also the reaction of MK
with Ca®" is limited by the supply of Ca*" which is con-
trolled by the relative amount of PC present and the rate
of PC hydration. Clearly as the MK to PC ratio increases,
although the w/b ratio is increased (to maintain standard
consistency) the rate of formation of CH from the hydrat-
ing PC will be insufficient to sustain the MK—CH reac-
tion delaying the formation of cementitious reaction pro-
ducts. It is likely that all these factors will have some
bearing on setting times of the MK—PC pastes.

One possible explanation for the none systematic
behaviour of the setting times of MK—PC pastes is that at
low MK levels (and hence low w/b ratios) the MK—PC
reaction (and hence the formation of cementitious prod-
ucts from the pozzolanic reaction) is limited by the sup-
ply of water, which is rapidly consumed by the hydrating
PC. Thus (as with PFA-PC pastes) setting times are re-
tarded. However as the proportion of MK is increased the
w/b ratio is also increased and the proportion of PC is
reduced. Hence the supply of water available for the poz-
zolanic reaction is greater and there is more rapid forma-
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tion of cementitious reaction products between the hy-
drating cement particles leading to a reduction in setting
time. However as the MK level is further increased and
the relative proportion of PC becomes even lower, al-
though the w/b ratio is further increased the supply of
Ca®" needed to sustain the MK pozzolanic reaction will
become insufficient, thus reducing the rate of formation
of cementitious products and again increasing the setting
time. However to confirm this hypothesis further detailed
work is required to determine the heat evolution rates of
MK-PC and MK-PFA-PC pastes at standard consistency
during the periods over which the pastes are setting.

5. Conclusions

The main conclusions that can be drawn from this ex-
perimental study may be summarised as follows:

The results clearly demonstrate that the two poz-
zolans MK and PFA have different effects on both stan-
dard consistence and setting times of binary pastes, and
the latter indicates that they influence hydration in differ-
ent ways:

(i) Partial replacement of PC by PFA has little influ-
ence on consistency. This suggests that the water adsorp-
tion / absorption properties of PFA are similar to PC.
However setting times increase continuously with in-
crease in PFA content up to 40% PFA. This is explained
in terms of the fact that increasing amounts of PFA gen-
erate increasing separation distances between hydrating
cement particles, hence increasing the time period at
which an interlocking network of hydration products
form. Over this period the PFA is considered to act as an
essentially inert material.

(i) To maintain standard consistency for MK—PC
pastes increasing w/b ratios are required with increasing
MK levels. This is attributed to the very high specific sur-
face of the MK and the resulting high levels of water ad-
sorption/absorption. Setting times of binary MK—PC pastes
do not show consistent changes with increase in MK con-
tent. Small amounts of MK lead to setting time increases,
followed by decreases in setting times as MK levels in-
crease further, and then at even greater MK levels setting
times increase again. The rather erratic behaviour of setting
times of MK—PC pastes with change in paste composition
is attributed to the very complex interdependent nature of
the PC hydration and MK—CH-H hydration reactions, and
the availability of both water and Ca®" at the different
compositions to sustain these reactions.

(iii) In general the effects of both PFA and MK on
consistency and setting times in binary pastes are re-
flected in the behaviour of the ternary pastes although the
two pozzolans do not behave completely independently
of each other.
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PORTLANDCEMENCIO, METAKAOLINO IR LAKIUJU PELENU MISIN Iy RISIMOSI TERMINAI
D. Snelson, S. Wild, M. O’Farrell
Santrauka

Siame tyrime naudojamos dvi pucolaninés medziagos — metakaolinas (MK) ir lakieji pelenai (PFA), kaip dviejy ir trijy
komponenty dalinio pakeitimo ri$ikliai su portlandcemenciu (PC), siekiant istirti jy poveiki standartinéms konsistencijoms
ir reguliuoti miSinio kietéjimo laika. Siekiant iSlaikyti standarting MK—PC miSinio konsistencija, didinant vandens ir riSa-
muyjy medziagy santykius, reikia didinti MK lygj, nes PFA turi maZzai jtakos konsistencijai. Dviejy komponenty MK-PC
misiniams svarbu padidinti pradinius ir galutinius kiet¢jimo laikus 5 % MK, po sumaz¢jimo 10 ir 15 % MK, prie$ tolesnj
padidinimg 20 % MK. Dviejy komponenty PFA-PC miSiniy kietéjimo laikui padidinti mazdaug tokiomis paciomis nor-
momis iki 30 % PFA ir tuomet didinti atsargiau tarp 30 % PFA ir 40 % PFA. Apskritai PFA ir MK poveikis konsistencijai
ir kiet¢jimo laikui abiejuose misiniuose matomas i$ trijy miSinio komponenty elgsenos, nors du pucolanai néra visiskai
nepriklausomi vienas nuo kito. Kiti biidai, kuriais du pucolanai daro jtaka kietéjimo laikui, yra pristatyti kalbant apie ju
pucolaninés veiklos skirtumus ir jy elgsena, kurios metu jie daro jtaka vandens galimybei hidratuotis.

ReikS§miniai Zodziai: cemento miSiniai, lakieji pelenai, metakaolinas, pucolanai, standartiné konsistencija, kieté¢jimo
laikas.
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