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Abstract. Sustainability is considered to be highly important for
preserving continued industrial growth and human development. Concrete,
being the world’s largest manufacturing material comprises cement as an
essential binding component for strength development. However,
excessive production of cement due to high degree of construction
practices around the world frames cement as a leading pollutant of
releasing significant amounts of CO2 in the atmosphere. To overcome this
environmental degradation, silica fume and hydrated lime are used as
partial replacements to cement. This paper begins with the examination of
the partial replacement levels of hydrated lime and silica fume in concrete
and their influence on the mechanical properties and durability
characteristics of concrete. The effect of hot water curing on concrete
incorporated with both silica fume and hydrated lime is also investigated in
this paper. The results reported in this paper show that the use of silica
fume as a partial replacement material improved both the mechanical
properties and durability characteristics of concrete due to the formation of
calcium silica hydrate crystals through the pozzolanic reaction. Although
the hydrated lime did not significantly contribute in the development of
strength, its presence enhanced the durability of concrete especially at
long-term. The results also showed that hot water curing enhanced the
strength development of concrete incorporated with silica fume due to the
accelerated rate of both the hydration and pozzolanic reaction that takes
place between silica fume and calcium hydroxide of the cement matrix
particularly at early times. The results reported in this paper have
significant contribution in the development of sustainable concrete. The
paper does not only address the use of alternative binders as a partial
replacement material in concrete but also suggest proper curing conditions
for the proposed replacement materials. These practices play a vital role in
the development of sustainable concrete.
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1 Introduction

Recent developments in the construction industry has promoted concrete as ‘highly
efficient material with improved mechanical properties and durability’ [1]. However, such
advancements have also highlighted cement and concrete manufacturing as carbon and
energy intensive processes. It has been claimed that up to 5 — 9% of the total global
anthropogenic carbon emissions [2, 3] are due to manufacturing of cement and concrete.
Furthermore, concrete is not an everlasting building material when analyzed against time.
Eventually, the life cycle of concrete will end up as limestone, sand and clay within our
earth’s environment [1]. Therefore, the significant issue of improving durability and service
life of concrete is always crucial to have its attention [4]. From the idea of sustainability in
concrete manufacturing, there is a need to develop an environmentally friendly type
building material which ensures a good balance between performance and sustainability
concern [5, 6]. With the extensive use of Portland cement, it is inevitable that such idea of
sustainable concrete can be accomplished. However, if the cement manufacturing is tend to
shift with the mixture of ‘second generation’ or ‘low carbon’ binders [7], the idea of
achieving sustainable concrete may emerge to existence.

In various recent studies, it has been addressed that hydraulic lime and supplementary
cementitious materials (SCMs) do possess essential properties that leads towards strength
development and enhancement of durability of concrete. [8-11]. Hydraulic lime, being one
of the oldest binders contributes substantial history in construction practices and
manufacturing [7]. Furthermore, SCMs broadly pozzolans, have also been considered as a
viable approach to be used as an alternative binder [7]. Pozzolans normally results in poor
performance and low strength development at early stages due to absence of adequate
quantities of Ca(OH), [12]. To overcome such issue of strength development and
durability, possibilities for improving the pozzolanic reaction by adding hydrated lime have
been mentioned in the literature [13-19]. Silica fume, being one of the most popular
pozzolans is considered to play a vital role in developing strength, durability characteristics
and consuming calcium hydroxides during the hydration reaction of Portland cement [18,
20, 21]. Therefore, such pozzolanic reactions may contribute to lower heat liberation,
adequate early strength development, effective consumption of hydrated lime and
enhancement in durability characteristics [6, 18].

Replacing Portland cement with hydrated lime and pozzolans such as silica fume does
not solve this complex issue. Since, each binder has its own chemical reaction, it is
important to highlight the significance of curing time and conditions. Cement hydration
completes in 28 days as cement attains its compressive strength. However, lime carbonation
is comparatively a slower reaction. Even though, pozzolanicity does have the ability to
consume calcium hydroxide to form calcium silicate hydrate (C-S-H) which is essential for
strength development, especially at early stages [17], the rate of reaction is also
comparatively slower. In addition to that, it has also been criticized that various
experimental studies conducted on concrete incorporated with hydrated lime and pozzolans
have been cured for short interval of time. The results may vary if the curing period was
much longer [22] and/or the curing conditions have been provided in a different way such
as the introduction of hot water curing or steam curing conditions [23].

Therefore, the aim of this paper is to offer a holistic approach of using hydrated lime
and silica fume as partial replacement of Portland cement as binders. The idea is to
investigate the possible role of hydrated lime and silica fume used as a partial replacement
to cement on the strength development and durability characteristics. Strength development
includes compressive strength test as a key parameter being investigated. Tests such as
water permeability and freezing/thawing resistance for determining the pore structure of
concrete are included in the durability characteristics. The possible effect of hot water
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curing conditions is also highlighted addressing the significant role on strength
development and durability characteristics of the concrete.

2 Materials and mix design

The experimental study was conducted on freshly-mixed and hardened state concrete using
Portland cement, hydrated lime (CL80) and Silica Fume as binders. Portland cement was
acquired from Adana Cimento Ltd. and complies with [24]. CL80 was obtained from Nur
Kirec Ltd. and complies with [25]. The designation of CL80 indicates the calcium lime
content is not greater than 80%. Silica Fume was acquired from Cyprus Environmental
Enterprises Ltd. (CEE) and complied with [26]. Apart from binders, other elements of
concrete prepared include fine aggregates, coarse aggregates and water. Particle size
distribution of fine aggregates and coarse aggregates have been made accordance with [27].
Various replacement levels of CL80 and silica fume were used to investigate the influential
role on the fresh and harden state properties of Portland cement concrete. For mix design
calculations, the slump value has been kept constant to 100 mm. Therefore, the
water/binder (w/b) ratio have been adjusted accordingly. The masses of binders required to
produce the necessary mix proportions by volume were calculated from -carefully
determined values of relative density. For fine and coarse aggregates, specific gravity was
determined according to [28, 29].

3 Experimental procedures

3.1 Measurement of slump

The slump of fresh concrete prepared containing various volume fraction replacement
levels of CL80 and silica fume was measured using the standard slump test apparatus. The
slump value has been determined as per [30]. The slump value has been kept constant to
100 mm. By keeping such consistency of slump value, the water/binder ratio has been kept
between the ranges of 0.50 to 0.70.

3.2 Curing conditions

Two types of curing conditions have been investigated for curing processes of concrete. A
normal portable water curing condition having water temperature of 20°C is maintained.
Furthermore, hot water curing condition having water temperature to 40°C is additionally
kept up. Curing conditions have been standardized as per [31].

3.3 Measurement of compressive strength

Compressive strength testing was conducted on various hardened replacement levels of
concrete including CL80 and silica fume respectively. The testing has been conducted from
28 days to 180 days on 150 mm standard cubes. Samples of each replacement level were
tested using a compressive testing machine. The loading rate has been kept constant to 0.6
MPa/sec. An average compressive strength has been taken among all the values from each
replacement level of concrete produced in accordance with [32].
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3.4 Measurement of water permeability

Standard cubes of 150 mm were used for determining the water permeability for each
replacement level of concrete produced. Each specimen was fixed into the permeability
testing machine and pressurized water has been applied from the bottom of the specimen.
Adjustment of the sample is important on the permeability machine to avoid water leakage
from the sides of the specimen. All specimens were subjected to 1 atmospheric pressure
(0.1 MPa). It is important to mention that the mass measurements before and after the water
permeability test should be taken to understand each specimen’s water infiltration capacity.
After 72 hours, each specimen was removed from the permeability machine and split into
two equal halves for determining the water penetration depth. Average depth was taken
from four equidistant spots along the bottom of the specimen from where the water pressure
has been applied. The experiment is done based on [33].

3.5 Measurement of freeze and thaw resistance

For freeze and thaw cycles, cube samples of 150mm have been placed in freeze and thaw
cabinet. Similar procedure has been followed as reported by [34]. It includes freezing and
thawing phenomenon for the cured samples of various replacement levels at -30°C to 30°C.
Two cycles have been maintained on a daily basis. Within 12 h each day, the samples have
been experiencing freezing and thawing automatically when the temperature reaches -30°C
or 30°C. The cycle keeps on going twice a day from the last 180 days. The relative
humidity is maintained ranging from 85% to 95%. It is important to mention that the
surface of the samples have not been covered during the freezing and thawing, so that the
sample is fully exposed to moisture changes.

4 Experimental results

4.1 Mechanical properties

4.1.1 Influence of silica fume on the compressive strength of concrete

The influence of the use of silica fume as a partial replacement to cement on the
compressive strength of concrete is investigated in this section. Replacement levels of
silica fume were 10 and 20%. The samples under investigation were cured under water
at the laboratory conditions for 180 days. The influence of the use of silica fume on the
compressive strength of concrete is shown in Figure 1.
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Fig. 1. Influence of silica fume on the compressive strength of concrete o; 20% silica fume, o; 10%
silica fume and e; concrete control specimen.
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It is shown in Figure 1 that the use of silica fume resulted in an increase in the
compressive strength of concrete over the 180 days when compared to the control
concrete specimen. However, the increase in the replacement levels of silica fume
resulted in a decrease in the compressive strength. A very hydraulic binder, cement, is
being replaced with a pozzolanic material that reduces the rate of hydration reaction
specifically at short terms. The development of the concrete strength after 28 days is
solely depending on the pozzolanic reaction between the calcium hydroxide and the
silica fume. It can be seen in Figure 1 that at each replacement level, the compressive
strength of concrete is increasing with time. It must be underlined that both
replacement levels of silica fume resulted in a greater compressive strength of concrete
with time.

4.1.2 The effect of hot water curing on the strength development of concrete
incorporated with silica fume

The effect of hot water curing on the strength development of concrete incorporated
with silica fume is investigated in this section. The effect of hot water curing is used
particularly for the early strength development of pozzolanic reaction which has much
slower rate than cement hydration. The effect of hot water curing on the compressive
strength of concrete with 10% replacement level of silica fume is shown in Figure 2.
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Fig. 2. The effect of hot water curing on the strength development of concrete incorporated with 10%
silica fume o; cold water cured, O; hot water cured, ®; concrete control specimen.

It can be seen in Figure 2 that hot water curing enhanced the strength development
of pozzolanic concrete. The increase in the compressive strength of concrete
incorporated with 10% silica fume is more markedly seen in 6 months. It is well known
that pozzolanic reaction is depended on the hydration reaction and hence the formation
of calcium hydroxide. The effect of hot water curing on the strength development of
concrete therefore cannot yet be seen at 28 days. It must be underlined however that
hot water curing enhanced the compressive strength of concrete incorporated with 10%
silica fume at 3 and 6 months significantly.

4.1.3 The effect of using hydrated lime on the strength development of concrete
incorporated with silica fume

In this section, cement is partially replaced with silica fume and hydrated lime.
Replacement level of silica fume was kept constant to 20% while the replacement
levels of hydrated lime were 10 and 20%. The effect of using hydrated lime on the
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compressive strength of concrete incorporated with silica fume cured under both cold
and hot water conditions is shown in Figure 3.

It can be seen in Figure 3 that the use of hydrated lime as a replacement to cement
resulted in a decrease in compressive strength of concrete incorporated with silica
fume. Compressive strength of concrete replaced with hydrated lime and silica fume,
however is increasing with time. The increase in the compressive strength is mainly
due to the presence of calcium hydroxide in the cement matrix that accelerated the rate
of the pozzolanic reaction. It can be seen in Figure 3 that at 6 months, the compressive
strength of concrete at all combinations are higher that the compressive strength of the
control specimen at 28" days. Hot water curing also resulted in an increase in the
compressive strength of concrete at both replacement levels of hydrated lime.
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Fig. 3. The effect of using hydrated lime on the compressive strength of concrete incorporated with
silica fume cured under both cold and hot water conditions ®; concrete control specimen, C; cold
water curing, H; hot water curing.

4.2 Water permeability

4.2.1 The effect of using hydrated lime on the water permeability of concrete
incorporated with silica fume

The effect of using hydrated lime and silica fume on the water permeability of concrete
is investigated in this section. Concrete specimen with 20% replacement level of silica
fume is considered first in this study. Concrete specimen with 20% replacement level
of silica fume and 20% replacement level of hydrated lime is then used to study the
freeze and thaw resistance of concrete. Concrete control specimen is also subjected to
the analysis for the comparison reason. Water penetration depth (mm) versus time
(days) for concrete samples are shown in Figure 4.

It can be seen in Figure 4 that the use of 20% silica fume as a replacement to
cement resulted in a dramatic decrease in water penetration depth of concrete at 3 and 6
months. These results are in good agreement with the strength development of concrete
incorporated with 20% silica fume. The great reduction in water penetration depth of
concrete and hence the increase resistance to water permeability can be attributed to the
pozzolanic reaction and therefore the consumption of calcium hydroxide and thus the
formation of more of calcium silica hydrate gels that enhances the resistance to water
permeability of concrete at long-term.
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Fig. 4. Effects of using hydrated lime and silica fume on the water permeability of concrete o; 20%
silica fume, O; 20% silica fume with 20% hydrated lime, ®; concrete control specimen.

It can also be seen in Figure 4 that the use of 20% hydrated lime in concrete
incorporated with 20% silica fume is also leading a great reduction in water penetration
depth of concrete. Even at 28™ days, there is a remarkable decrease in water
penetration depth of concrete when hydrated lime is used in concrete incorporated with
silica fume. Since the particle size of silica fume and hydrated lime are much finer than
the cement binder, filler effect must played a significant role in the resistance to water
penetration of concrete. It must be underlined that at 180 days, the concrete specimen
prepared using 20% silica fume and 20% hydrated lime resulted in a great reduction in
water penetration depth and hence resulted in an enhanced resistance of water
penetration of concrete.

4.3 Freeze and thaw resistance

4.3.1 The effect of silica fume on the freeze and thaw resistance of concrete

The effect of silica fume on the freeze and thaw resistance of concrete is investigated
in this section. Cement replacement level of 10 and 20% of silica fume is used to study
the freeze and thaw resistance to concrete. Following cured at laboratory conditions for
28 days, the specimens were subjected to cycling freeze and thaw for 28, 90 and 180
days.
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Fig. 5. Effects of silica fume on the freeze and thaw resistance of concrete o; 10% silica fume, O;
20% silica fume, ®; concrete control specimen.
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Figure 5 shows the compressive strength of concrete incorporated with silica fume
that are subjected to freeze and thaw cycles. The concrete control specimen that is
subject to freeze and thaw is also shown in Figure 5 for comparison reason. It can
clearly be seen in Figure 5 that the increase in the replacement level of silica fume
resulted in an increase resistance to freeze and thaw. In increase in the replacement
level of silica fume resulted in an increased rate of pozzolanic reaction that takes place
between the calcium hydroxide and the silica and hence resulted in great formation of
calcium silicate hydrate gels. The increase in compressive strength lead to a higher
resistance to freeze and thaw of concrete.

4.3.2 The effect of using hydrated lime on the freeze and thaw resistance of
concrete incorporated with silica fume

The effect of using hydrated lime on the freeze and thaw resistance of concrete
incorporated with silica fume is investigated in this section. Figure 6 show compressive
strength of concrete specimens subjected to freeze and thaw for 28, 90 and 180 days. It
can be seen in Figure 6 that the use of 10% hydrated lime with 20% silica fume
resulted in a greater resistance to freeze and thaw resistance however, when the
replacement level of hydrated lime is increased to 20%, the resistance to freeze and
thaw was identical to the concrete control specimen. The main reason for this behavior
is attributed to the decrease in the overall strength of concrete when 20% hydrated lime
is used as a replacement level.

T0

6248 6196

E 60 B o — 3731 111
= —
= 50
=) s ae
5 L - 8|
|‘_’”] ;::r.______.-gj!-ﬂ--"
,I .
o 30
2 20
=
0

U _— _— —

28 90 180
Time (Days)

Fig. 6. Effects of using hydrated lime and silica fume on the freeze and thaw resistance of concrete C;
20% silica fume, O; 20% silica fume with 10% hydrated lime, @; 20% silica fume with 20% hydrated
lime, ®; concrete control specimen.

5 Conclusion

The paper investigates the use of silica fume and hydrated lime as a replacement
material to cement on the strength development and durability of concrete. The effect
of hot water cure condition on the strength development of concrete incorporated with
silica fume and hydrated lime is also investigated in this paper. The results show that
the use of silica fume enhance the compressive strength of concrete especially at long-
term. It is also shown in this paper that the hot water cure condition played a
significant role in the strength development of concrete incorporated with silica fume.
Although the use of hydrated lime might result in a decrease in compressive strength of
concrete at short-terms, the compressive strength of concrete with all combinations of
silica fume and hydrated lime at 6 months are higher that the compressive strength of
the control specimen at 28" days. It is also shown in the paper that the hot water curing
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also resulted in an increase in the compressive strength of concrete at both replacement
levels of hydrated lime. The use of silica fume and hydrated lime decreased the water
penetration depth of concrete and enhance the water permeability of concrete
dramatically. The increase in the replacement level of silica fume resulted in an
increased resistance to freeze and thaw resistance of concrete. Although the use of 10%
hydrated lime enhanced the freeze and thaw resistance of concrete incorporated with
silica fume, freeze and thaw resistance of concrete with 20% replacement level of lime
was equivalent to the resistance of concrete control specimen. Thus, by these results,
we can summarize that the role of hydrated lime, silica fume along with hot curing
conditions not only contribute towards required mechanical properties and enhanced
durability characteristics. It also creates a new way to use these neglected materials and
conditions to promote the idea of sustainable construction.
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