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Early-age Performance of Cement Combination Concrete

Folagbade, S.0.1

Abstract: Heat of hydration up to 72 hours and compressive strength up to 7 days of Portland
cement and 17 binary and ternary cements containing fly ash, silica fume, and metakaolin, at a
water/cement ratio of 0.50 and addition contents of 20%, 35%, and 55%, were used to examine
the early-age performance of concrete. Results revealed that early-age performance depends on
the fineness, heat of hydration, and dilution effect of cement combinations. Fly ash, due to
dilution effect, reduces the heat of hydration and compressive strength. Using silica fume and
metakaolin with increasing content of up to 10% as binary and ternary cement components, due
to their fineness and increased heat of hydration, supports the strength development. Most of the
cement combinations met the standard of strength requirements for ordinary early-age
performance of concrete, while only half of it satisfied the standard for high early-age performance.

Keywords: Blended cement; cement combination; compressive strength; fly ash; heat of

DOI: 10.9744/CED.19.1.14-20

hydration; metakaolin; silica fume; supplementary cements.

Introduction

Supplementary cementitious materials, such as fly
ash, silica fume, and metakaolin, among others, due
to their lower embodied carbon dioxide contents, are
used primarily to reduce the environmental impact
of concrete [1,2]. However, due to their low lime
contents and dependence on the Ca(OH)2 released by
the hydration reaction of Portland cement for their
pozzolanic reactions, they could only be used as
partial replacements for Portland cement in conven-
tional concrete. Fly ash, due to its availability, is a
primary supplementary cementitious material in
concrete [3,4]. However, while it is characterised by
low water demand and improved workability [5,6],
its use would reduce the heat of hydration [5,7],
retard the hydration reaction [8], and reduce the
early-age performance of concrete [9,10]. Compara-
tively, the fineness of silica fume and metakaolin
would increase the heat of hydration [11,12],
accelerate the hydration reaction [13] and enhance
the strength development [5,14-18]. However, they
are expensive and could only be used in small
quantities to partially replace Portland cement in
concrete [19-21]. Hence, silica fume and metakaolin
as ternary cement components could offset the low
early-age performance of fly ash in concrete [22].
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Concrete, in practice, is specified on the basis of its
28-day strength. Also, cement combination concretes
would achieve equal strength with Portland cement
concrete at lower water/cement ratios [23,24].
However, if appropriately proportioned, silica fume,
and metakaolin (which are costlier than Portland
cement) would complement fly ash (which is cheaper
than Portland cement) to produce cheaper and more
environmentally compatible cement combination
concretes than Portland cement concrete at equal 28
day strength [23,24]. However, the partial replace-
ment of Portland cement with these pozzolanic
materials would reduce the heat of hydration of
mortar and concrete [25,26], delay the strength
development and reduce the early-age performance
of concrete. Hence, aside of the advantages of
reduced cost and embodied carbon-dioxide content,
the use of cement combination should not adversely
affect the early-age performance of concrete. Also, in
order to ensure cheaper and more environmentally
compatible concrete with good early-age perfor-
mance, well proportioned silica fume and metakaolin
contents (without any additional content of Portland
cement) would be needed. Hence, this paper
investigated the early-age performance of cement
combination concretes containing fly ash, silica fume,
and metakaolin by considering their heat of
hydration and compressive strength with a view to
ascertaining their suitability for concrete works at
early ages.

Materials and Experimental Methods

The cementitious materials consisted of ordinary
Portland cement (PC, 42.5-type) conforming to BS
EN 197-1 [27], siliceous or class F fly ash (FA)
conforming to BS EN 450-1 [28], silica fume (SF,
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slurry- 50:50 solid/water ratio by mass) conforming
to BS EN 13263 [29], and metakaolin (MK, Meta
Star 403) treated as calcined pozzolana conforming
to BS EN 197-1 [27]. The physical and chemical
properties of the cementitious materials are pre-
sented in Table 1. The aggregates were consisted of
0/4 mm fine aggregates and 4/10 mm and 10/20 mm
coarse aggregates conforming to BS EN 12620 [30]
and mixed in a ratio of 1:2 in line with the BRE
Design Guide [31]. The coarse aggregates were
uncrushed and in various shapes. The 4/10 mm
aggregates have rough texture while the 10/20 mm
aggregates were smooth. The physical properties of
the aggregates are presented in Table 2. Potable
water, conforming to BS EN 1008 [32], was used for
mixing and curing the concrete specimens. For good
cohesion within a consistence level of S2, defined by
a nominal slump of 50-90 mm in BS EN 206-1 [33], a
polycarboxylate ether superplasticiser conforming to
BS EN 934-2 [34] was applied during concrete
mixing. The mix proportions for the test mixes
(Tables 3-5) were obtained using the BRE Design
Guide [31], considering a normal density concrete
(2400 kg/m3), and a free water content of 165 kg/m3
to ensure good concrete finish.

Concrete was prepared in accordance with BS EN
12390-2 [35] and the specimens were cast, cured
under a layer of damp hessian and covered with
polythene for about 24 hours, demoulded, and cured
in water at 20°C until the test dates. Compressive
strengths were obtained in accordance with BS EN
12390-3 [36] using 100 mm cubes and compared at
the curing ages of 1, 2, 3, 5, and 7 days and a
water/cement ratio of 0.50. Since Portland cement
(42.5 type) is expected to achieve a minimum
strength of 10.0 N/mm? at 2 days to be classified as
having ordinary early-age strength and a minimum
strength of 20.0 N/mm? at 2 days to be classified as
having high early-age strength [27], the compressive
strength of concrete were also examined to ascertain
their suitability for concrete works requiring
ordinary and high early-age strength development.

Heat of hydration was obtained with JAF Isothermal
Conduction Calorimeter [37]. The heat of hydration
generated by each of the paste samples, in a
calorimeter maintained under isothermal conditions,
was sent as electric signal (proportional to the heat
produced by a sensitive thermopile) to the computer
for recording and calibration. This involved mixing
about 30g of the cement(s) with about 15g (or slightly
higher for mixtures containing silica fume or
metakaolin) of distilled water in a plastic bag for
about 1 minute by hand. The bag containing the
mixed paste was then sealed and placed in a sample
container containing 10 ml of heat conducting oil.
The bag was wrapped around the heater disk of the
sample container to ensure that contact with the
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heater disk was maintained. The sample container
connected to the computer was placed in the
calorimeter and insulating foam was used to prevent
heat loss through the Perspex surface. The calori-
meter was sealed water-tight and placed in a water
bath maintained at a constant temperature of about
20°C. The heat of hydration generated over 72 hours
from the start of the test was progressively recorded
and calibrated with the aid of the JAF software on
the computer connected to the test set-up.

Analysis and Discussion of Results

Heat of Hydration of Cement

The total heat of hydration generated by Portland
cement and binary and ternary cement combinations
at 24, 48, and 72 hours are presented in Table 3.
Table 3 also presents the heat factors (ie., heat
ratios with respect to Portland cement) of the cement
combinations at the test ages. The Table shows that
the total heat generated increased with increasing
test age. At the test ages, in line with Thomas et al.
[6] and Paine et al. [7], the heat of hydration of fly
ash binary cements were lower than that of ordinary
Portland cement and they were reduced with
increasing content of fly ash. This is probably due to
the dilution effect as a result of reduction in the
Portland cement content and amount of Ca(OH):
available for pozzolanic reaction. Comparatively, the
heat of hydration of silica fume (SF) and metakaolin
(MK) binary cements at 24 hours were higher than
that of Portland cement at addition contents of not
greater than 10% and they increased with increasing
test age such that at 48 hours onwards all the binary
cements (including the mix with 15% MK content
with heat of hydration lower than that of Portland
cement at 24 hours), had higher heat of hydration
than Portland cement. The heat of hydration
increased with increasing content of silica fume and
metakaolin, despite the dilution effect. This is pro-
bably due to their fineness and higher specific
surface area available for pozzolanic reaction [11,12].
Compared with the respective fly ash binary cement
combinations, the addition of silica fume and meta-
kaolin as ternary cement components resulted in
ternary cements with higher heat of hydration. It
increased with increasing contents of the ternary
cement components. Hence, while fly ash would
slower pozzolanic reaction, its lower heat value
would make it good for mass concrete or concrete
work in hot weather. Silica fume and metakaolin, on
the other, would accelerate pozzolanic reaction and
support concrete work in cold weather. Also, com-
pared with metakaolin, the fineness of silica fume
must have resulted in the higher heat values
obtained for the silica fume binary and ternary
mixes at equal replacement levels.
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Table 1. Physical and Chemical Properties of Cements

Property Cements
CEM1I FA MK SF
Blaine fineness, m?kg 395 388 2588 *
Loss on ignition, % 1.9 6.19 0.9 2.7
Particle density, g/cm'3 3.17 2.26 2.51 2.17
% retained by 45um sieve P 11.0
Particle size distribution, cumulative % passing by mass ¢
125 pm 100 100 100 100
100 pm 98.2 99.2 100 100
75 um 93.2 96.5 99.8 100
45 um 81.8 87.0 994 100
25 um 57.1 66.2 96.0 98.8
10 um 30.1 40.6 76.2 93.8
5 um 13.5 24.1 50.7 87.5
2 um 5.6 10.9 18.2 85.5
1pm 2.9 4.8 4.7 78.7
0.7 um 1.3 1.9 14 50.7
0.5 um 0.2 0.3 0.1 10.5
Bulk oxide composition, % 9
CaO 64.5 3.2 0.0 0.4
SiOz 20.0 52.0 57.6 96.6
AlOs 46 26.0 38.9 0.7
Fes0s 3.7 10.1 0.6 0.2
MgO 2.5 1.5 0.3 0.6
MnO 0.1 0.1 0.0 0.0
TiOe 0.3 1.5 0.0 0.0
K20 0.7 2.8 2.4 0.8
Na20 0.3 1.2 0.1 0.3
P05 0.1 0.5 0.1 0.1
Cl 0.1 0.0 0.0 0.1
SOs 3.1 1.1 0.0 0.2
* Fineness for SF = 15,000-30,000 m¥kg [21]
) In accordance with BS EN 196-2 [38]
b) In accordance with BS EN 450-1 [28]
9 Obtained with the Laser Particle Sizer
9 Obtained by x-ray fluorescence (XRF)
Table 2. Physical Properties of Fine and Coarse Laboratory-Dry Aggregates
Fine Aggregates Coarse Aggregates
Property 0/4 mm 4/10 mm 10/20 mm
Shape, visual Varied Varied
Surface texture, visual - Rough Smooth
Particle density ® 2.6 2.6 2.6
Water absorption, % 2 1.0 1.7 1.2
% passing 600 pum sieve 55.0 - -

3 In accordance with BS EN 1097- 6 [39]

Early-age Compressive Strength of Concrete

The cube compressive strength of Portland cement
and binary and ternary cement concretes at the ages
of 1, 2, 3, 5, and 7 days are presented in Table 4.
Cube compressive strength, as expected, increased
with increasing curing age. The cube compressive
strengths of fly ash binary cement concretes are
lower than that of ordinary Portland cement con-
crete [9,10] and they reduced with increasing content
of fly ash at all the curing ages. This is probably due
to the slow pozzolanic reaction of fly ash [8] as a
result of the heat of hydration reducing with in-
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creasing content of fly ash. However, while the fly
ash binary cement concretes have lower strength at
equal ages than ordinary Portland cement concrete,
their strength factors (i.e. strength ratios with
respect to ordinary Portland cement concrete) in-
creased with increasing age from 79%, 50%, and 33%
at 24 hours to 82%, 58%, and 36% at 7 days at 20%,
35%, and 55% fly ash content, respectively (Table 5).
The reduction in the disparity between the com-
pressive strength of Portland cement concrete and
the fly ash binary cement concrete must be due to
the increasing heat of hydration and improved pozzo-
lanic reaction of fly ash with increasing age.
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Table 3. Total Heat of Hydration and Heat Factors of Cements

Mix Combination

Heat of Hydration, kd/kg

Heat Factors, % 2

24 hours 48 hours 72 hours 24 hours 72 hours 72 hours
100%PC 178.0 226.5 226.5 100 100 100
80%PC+20%FA 152.0 195.0 222.2 85.4 86.1 86.9
80%PC+15%FA+5%MK 166.1 211.6 239.2 93.3 93.4 93.5
80%PC+15%FA+5%SF 167.0 213.5 242.8 93.8 94.3 94.9
65%PC+35%FA 129.9 166.3 188.4 73.0 73.4 73.7
65%PC+30%FA+5%MK 131.9 169.0 1914 74.1 74.6 74.8
65%PC+25%FA+10%MK 139.9 187.3 213.3 78.6 82.7 83.5
65%PC+30%FA+5%SF 144.7 186.6 212.3 81.3 82.4 83.0
65%PC+25%FA+10%SF 148.0 189.1 215.0 83.1 83.5 84.1
45%PC+55%FA 96.0 126.0 146.9 53.9 55.6 574
45%PC+45%FA+10%MK 100.7 1374 156.3 56.6 60.7 61.1
45%PC+40%FA+15%MK 96.5 133.6 153.1 54.2 59.0 59.9
45%PC+45%FA+10%SF 111.2 143.4 163.2 62.5 63.3 63.8
95%PC+5%MK 191.2 244.2 276.3 1074 107.8 108.0
90%PC+10%MK 193.3 247.5 280.4 108.6 109.3 109.6
85%PC+15%MK 176.6 232.7 265.2 99.2 102.7 103.7
95%PC+5%SF 195.3 249.4 285.5 109.7 110.1 111.6
90%PC+10%SF 196.2 250.7 286.5 110.2 110.7 112.0
2 Heat ratios determined with respect to PC values
Table 4. Cube Compressive Strengths of Concretes

. . Cube Compressive Strength, N/mm?

Mix Combination 1d 2d D 3d gt 5d d
100%PC 12.0 24.0 32.0 39.5 43.5
80%PC+20%FA oh 9.5 19.0 25.5 32.0 36.0
80%PC+15%FA+5%MK oh 10.0 20.0 27.0 34.0 39.0
80%PC+15%FA+5%SF o.h 10.0 20.5 27.5 35.0 40.5
65%PC+35%FA° 6.0 12.0 16.5 21.5 25.0
65%PC+30%FA+5%MK °© 6.5 13.5 18.5 24.0 28.0
65%PC+25%FA+10%MK ° 75 15.0 20.5 26.5 31.0
65%PC+30%FA+5%SF © 7.0 14.0 19.5 25.0 29.5
65%PC+25%FA+10%SF © 7.5 155 21.0 27.5 33.0
45%PC+55%FA 4.0 8.0 11.0 14.0 15.5
45%PC+45%FA+10%MK °© 4.5 9.5 13.0 17.5 20.5
45%PC+40%FA+15%MK 4.5 9.0 12.5 16.5 19.5
45%PC+45%FA+10%SF © 5.0 10.5 14.0 19.0 22.0
95%PC+5%MK oh 10.5 21.5 30.0 38.5 43.5
90%PC+10%MK oh 10.5 22.0 30.5 39.0 44.0
85%PC+15%MK oh 10.0 20.0 28.5 37.0 42.0
95%PC+5%SF oh 11.0 22.5 31.0 39.5 44.5
90%PC+10%SF oh 11.0 23.0 31.5 40.5 45.0

°Cement combinations that meet the strength requirement of ordinary early-age performance
h Cement combinations that meet the strength requirement of high early-age performance

Compared with Portland cement, silica fume and
metakaolin as binary cement components also
reduced the compressive strength of concrete (Table
4). However, based on their comparatively higher
strength factors which increased with increasing age
from 83-92% at 24 hours to 97-104% at 7 days (Table
5), they resulted in better strength development than
fly ash. Hence, they have comparable or higher com-
pressive strength than Portland cement concrete at 7
days (Table 4). This is probably due to their higher
heat of hydration (Table 3) and higher silica content
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and fineness (Table 1), resulting in more nucleation
sites to improve their pozzolanic reactivity. Hence,
the addition of silica fume and metakaolin as ternary
cement components to Portland cement and fly ash
resulted in ternary cement concrete with higher
strength than the respective fly ash binary cement
concrete at equal ages (Table 4). Also, the increasing
compressive strength and strength factors of the
binary and ternary cement concrete with increasing
curing age (Tables 4 and 5) must be due to improved
pozzolanic reactions of the supplementary cements:
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Table 5. Strength Factors of Concrete

Strength Factors, % @

Mix Combination

1d 2d 3d 5d 7d
100%PC 100 100 100 100 100
80%PC+20%FA 79 79.5 80 81 82
80%PC+15%FA+5%MK 83 83.5 84 86 90
80%PC+15%FA+5%SF 83 85 86 89 93
65%PC+35%FA 50 50 52 54 58
65%PC+30%FA+5%MK 54 56 58 61 64
65%PC+25%FA+10%MK 63 63 64 67 71
65%PC+30%FA+5%SF 58 58.5 61 63 68
65%PC+25%FA+10%SF 63 64.5 66 70 76
45%PC+55%FA 33 33.5 34 35 36
45%PC+45%FA+10%MK 38 39.5 41 44 47
45%PC+40%FA+15%MK 38 38 39 42 45
45%PC+45%FA+10%SF 415 415 44 48 51
95%PC+5%MK 88 89.5 94 98 100
90%PC+10%MK 88 91.5 95 99 101
85%PC+15%MK 83 83.5 89 94 97
95%PC+5%SF 91.5 94 97 100 102
90%PC+10%SF 92 96 98 102 104

) Strength ratios determined with respect to PC values

Hence, silica fume and metakaolin would improve
early-age performance of concrete. Tables 4 and 5
show that while the compressive strength of
metakaolin binary and ternary cement concrete
increased up to 10% MK content, the compressive
strength at 15% MK content were lower than that of
mixes with 10% MK content. Since there is no
beneficial effect of using 15% MK over 10% MK on
strength development, metakaolin content should be
limited to 10% content where compressive strength
is the deciding performance criterion.

At 2 days, BS EN 197- 1 [27] requires a 42.5 type
Portland cement (used in this research) to achieve a
minimum compressive strength of 10.0 N/mm? to
meet the strength requirement for ordinary early-
age performance and a minimum compressive
strength of 20.0 N/mm?2 to meet the strength require-
ment for high early-age performance. Hence, the
probability of acceptance of 5% allowed by BS EN
197-1 [27], would result in a minimum strength
range of 9.5-10.0 N/mm? for ordinary early-age
performance and 19.0-20.0 N/mm? for high early-age
performance. Based on the foregoing, 15 out of the 17
cement combinations investigated met the strength
requirement of ordinary early-age performance and
eight of the cement combinations met the strength
requirement of high early-age performance (Table 4).
Hence, cement combinations, if appropriately propor-
tioned, would produce concrete with good early-age
performance.

Relationship between the Heat of Hydration
of Cement and Compressive Strength of
Concrete

Figure 1 illustrates the relationship between the
heat of hydration of cement at 24 and 72 hours and

compressive strength of concrete at 1 and 3 days,
respectively. The high correlation obtained between
the compressive strength and total heat of hydration
shows that the heat of hydration would influence
early-age strength development. However, the com-
parison of the heat factors (Table 3) with the
strength factors (Table 5) shows that the heat factors
were higher than the strength factors for all mixes.
For example, silica fume and metakaolin which have
higher heat factors than Portland cement have lower
strength factors than Portland cement. This
disparity must be due to the fact that while heat of
hydration was carried out on paste samples,
compressive strength was carried out on concrete
specimens. It therefore follows that part of the heat
of hydration generated by the cements must have
been lost to the aggregates in concrete. Also, due to
its fineness and higher heat and strength values or
factors (Tables 3-5), silica fume performed better
than metakaolin at equal replacement levels.
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Conclusion

This study has investigated the effect of 17 binary
and ternary cement combinations containing fly ash,
silica fume, and metakaolin on the heat of hydration
and early-age strength development of cement com-
bination concrete. The following conclusions have
been drawn from the study.

1. Early-age strength development in cement com-
bination concrete is influenced by heat of hydra-
tion.

2. Fly ash reduces early-age strength, due to dilu-
tion effect, low heat of hydration, and low pozzo-
lanic reactivity. Hence, fly ash concrete or high
volume fly ash concrete will produce low heat
cement suitable for mass concrete work or con-
crete work in hot weather.

3. Using Silica fume and metakaolin as binary
cement components produces concrete with early-
age strength comparable or higher than that of
Portland cement concrete. This is due to their
fineness, higher heat of hydration and higher
pozzolanic reactivity. As ternary cement compo-
nents, silica fume and metakaolin complement fly
ash in ternary mixes. For optimum result, their
content should be limited to 10%. Also, silica
fume, due to its fineness, performs better than
metakaolin at equal replacement levels.

4. Most of the binary and ternary cements inves-
tigated (88%) met the strength requirement for
ordinary early-age performance, while only half
of them of them (47%) met the strength require-
ment for high early-age performance of concrete.
Hence, if appropriately proportioned, cement
combination could be used to produce concrete
with good early-age performance.
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