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ARTICLE INFO ABSTRACT

Keywords: Self-compacting concrete (SCC) is currently gaining traction as a replacement to conventional
Curing temperature vibrated concrete. Its distinct microstructure leads to varied mechanical behaviour under
Fresh properties different curing temperatures. In the past various supplementary cementitious materials (SCMs)
Heat of hydration were used in SCC to investigate their respective effects on the performance. However, there has
Compressive strength development been no systematic studies conducted to determine the effect of different curing temperature on
PMO::;:itzy the sensitivity reaction of rice husk ash (RHA) in SCC. This research focuses on high-strength SCC

with SCMs such as RHA, silica fume (SF), fly ash (FA), and ground granulated blast-furnace slag
(GGBS), exploring their applicability for concrete structures under varying curing temperatures.
Heat of hydration, compressive strength and open porosity of SCC specimens were assessed at
various temperature. Results indicate high curing temperatures expedite the hydration and
pozzolanic reaction, refining the microstructure and increasing the early-age concrete strength,
but compromising the long-term performance, potentially mitigated by the use of SCMs.
Conversely, lower curing temperature, impedes hydration leading to gradual strength gain,
particularly with SCMs, yet yielding significant strength increases at later concrete age. SCMs
presence and curing temperature significantly influence maturity function-based strength pre-
dictions, impacting strength trends in the samples studied.

1. Introduction

The introduction of self-compacting concrete (SSC) has been an important step in concrete development due to its high flowability
and good compaction without the need for additional vibration. This makes SCC ideal for structures with dense reinforcement [1,2]. Its
adoption is increasing globally, particularly for heavy reinforced concrete applications, and it is anticipated that it will gradually
supplant vibrated concrete across a range of uses, including high-rise constructions. However, the growing requirement for concrete in
high-rise construction may make normal-strength SCC unfavourable choice to meet the needs [2-5].

Despite its benefits, SCC requires a greater volume of cement compared to conventional concrete [1]. This presents a sustainability
challenge as cement is the main factor responsible for CO5 emissions during concrete production [6]. Therefore, the addition of
supplementary cementitious materials SCMs as a replacement for cement is necessary to enhance the sustainability. However, this can
affect the fresh properties, hydration kinetic and hardened characteristics of SCC [7-10].
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The reactivity of cement, known as hydration, occurs immediately after the cement is mixed with water, yielding calcium hy-
droxide (CH) and calcium silicate hydrate (C-S-H), which is responsible for the strength development [11]. The pozzolanic reaction is
the reaction of silica oxide (SiO») of supplementary materials with the CH that is produced from the hydration reaction of cement with
water (H20) [12]. This can lead to the formation of extra C-S-H phase and improve the hydration of the cement, which in turn improves
the performance of the concrete [13-16]. Due to the different chemical compositions and physical properties of the pozzolanic ma-
terials, each type of material offers a distinctive reactivity. Generally, the pozzolanic materials can be categorized into two groups [17]:
(a) highly-reactive material, (b) low-or moderately-reactive material. This difference in reactivity not only occurs during standard
curing temperature but also can be more significant at differing temperatures [18-21].

With maturity, the concrete experiences different ambient temperatures and different internal temperatures generated by the
hydration [22-25]. The compressive strength of the concrete, primarily attributed to the hydration of cement, is typically considered
an indicator of its performance [26,27]. The early strength characteristic of the concrete is significant since it primarily affects the
long-term strength and performance of the concrete. Typically, the concrete gains faster strength with higher curing temperatures.
However, high curing temperatures can lead to attenuation strength growth over the time. Conversely, curing concrete at low tem-
peratures can hinder its initial strength development, but yield greater strength at a later time [25,28-30].

Many studies have reported the effects of temperature curing on the behaviour of conventional concrete [14,19-21,30-32], and
research are still being carried out. There is a perceptible gap in knowledge regarding the performance of SCC containing SCMs under
varying curing temperatures. Therefore, any conclusions drawn from previous studies are only viable in the particular cases that have
been investigated. SCC is formulated using materials comparable to vibrated concrete, but with varying mix ratio [33-35]. The
different mix proportion requirement in SCC, alongside the omission of vibration during casting, can cause distinctive impacts of
temperature curing on the hydration process that would subsequently affect its microstructure [36] and hardened properties [5,37,
38].

A study to test the influence of temperature on SCC properties has been reported [39]. Different SCC samples with strength classes
between 25 and 85 MPa were cured at temperatures of 20, 40, 60 and 80 °C. The replacement levels of fly ash in the binder were 0 and
20 %. The maximum total curing time until the test in this study was approximately 2 days [39]. The conclusion drawn from the study
indicated that the pores of SCC appeared coarser when it is placed in heat treatment.

Soutsos et al. [37] investigated the impact of different curing temperatures on the behaviour of strength gain of SCC up to 28 days.
The cement binder was partially substituted by 30 % GGBS and limestone powder, respectively, with a target strength of 60 MPa. The
results showed an improvement in early-age strength at higher curing temperatures, whilst it detrimentally affected the later-age
strength. However, later-age strength was less influenced by temperature for the samples containing GGBS. Boukhelkhai et al.
[40], reported similar behaviour further affirming the contribution of SCMs to alleviate the negative influence of high temperatures
over time.

Benaicha et al. [41] examine the strength evolution for up to 7 days of high-strength SCC placed at varying temperatures. This was
undertaken to confirm the safe accomplishment of construction operations by a maturity technique when applying SCC in construction
scenarios.

Previous studies concentrated on the behaviour of early-age strength gain of SCC up to 28 days. The increase in concrete strength
due to additional hydration of SCMs after 28 days can improve the safety of the structure. However, more studies are required to
investigate the strength development of SCC with SCM in the long term. In addition, silica fume (SF), fly ash (FA) and ground
granulated blast-furnace slag (GGBS) have been widely used as a replacement of cement in SCC over the years. Therefore, other in-
dustrial by-products such as rice husk ash (RHA) which has a continual increase in a production [42], and possess suitable chemical
compositions, make it a feasible alternative SCMs for use in SCC [43].

To the best of the author’s knowledge, the behaviour of SCC, including RHA, has not been investigated when subjected to varying
curing temperatures. This research findings aim to enhance the existing knowledge regarding the long-term strength gain of high-
strength SCC with SCMs at different curing temperatures. The novelty of this study lies in its investigation of high-strength SCC
incorporated with treated RHA, assessing how different curing temperatures influence its properties, in order to enhance the reliability
of SCC applications in construction scenarios. To fulfil the goal, the reference SCC mix was prepared as a cement binder, while the
residual mixes had 10 % RHA, 10 % SF, 20 and 40 % FA, 20 and 40 % GGBS blended with cement. The fresh properties of all SCC mixes

Table 1

Chemical composition and physical characteristics of ordinary Portland cement (PC, type I 52.5 MPa) and SCMs employed.
Composition Cement SF FA GGBS RHA
SiO, (%) 19.69 85 53.10 34.34 80
Al,03 (%) 4.32 - 20.64 12.25 0.15
Fe,03 (%) 2.85 - 8.93 0.32 0.01
CaO (%) 63.04 1 6.12 39.90 0.98
K30 (%) 0.74 - 2.17 0.45 2.09
Na,0 (%) 0.16 4 1.68 0.41 0.07
MgO (%) 2.17 - 1.79 7.70 0.40
SO3 (%) 3.12 2 1.93 0.23 0.80
TiO, (%) 0.33 - 0.90 0.65 0.01
Specific gravity 3.15 2.20 2.40 2.40 2.10
Loss on ignition (%) 3.03 4 2.93 0.34 13.49
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were investigated by a slump flow and J-ring tests. A total of 756 SCC specimens were prepared and positioned in the tank curing
environment set at 10, 20, 35 or 50 °C. Compressive strength, hydration and porosity were investigated to understand the effects of
heat treatment on SCC mixes. The prediction of the strength development of the concrete was also tested. The study results evaluated
the applicability and robustness of the tested mixes, hence promoting the adoption of eco-friendly and sustainable SCC in construction.

2. Experimental description
2.1. Materials
Portland cement (PC) (CEM I 52.5 N) as per the specifications of (EN 197-1) [44], SF, FA, GGBS and RHA were used with specific
gravities of 3.15, 2.2, 2.4, 2.4 and 2.1, respectively. RHA was thermally treated at 400 °C for 6 h and ground. The chemical com-
positions and physical properties of PC and SCMs are provided by the suppliers and listed in Table 1. For the coarse aggregate, crushed
limestone with a specific gravity of 2.65 and maximum particle size of 10 mm was used. The fine aggregate consisted of natural river
sand with a specific gravity of 2.55 and particle sizes smaller than 2 mm. Limestone dust with a specific gravity of 2.6 and comparable
particle size to the river sand was used as a replacement for about 30 % of the river sand. The particle size distribution curves of coarse
and fine aggregate are presented in Fig. 1. For the mixes, tap water was used. To attain the required workability of SCC mixes with low
water content, a water reducer was added. Poly-Aryl-Ether (MasterGlenium ACE 499) type superplasticizer according to (BS EN 934-2)
[45] was used with a specific gravity of 1.07. The water-to-cement (W/C) ratio of 0.40 was chosen for formulating the studied mixes to
attain the desired compressive strength of 70 MPa after a curing period of 28 days, following the mix design method proposed by
Alshahrani et al. [46]. The dosage levels of PC replacement in the binder by FA or GGBS was 20 and 40 % by weight for each, whereas
the dosage level of SF or RHA was 10 %. It may be noted that using more than 10 % of SF or RHA in the binder was not found to provide
desirable fresh properties in which the mixes meet the SCC standards. Due to the cellular structure of RHA and the fineness of SF, a
higher water content is needed. Thus, the amount of superplasticiser for the mixes containing SF or RHA was adjusted to achieve the
self-compacting characteristics [47]. The mix proportions are given in Table 2. The control SCC is referred as RF. The other SCC
mixtures were identified by label X-Y, where X represents the type of blended material in the paste, and Y shows the level of

replacement of cement by the pozzolanic materials in the binder.

2.2. Mixing process
superplasticizers. The aggregates were oven-dried before use. Initially, coarse aggregate was blended for a minute in mixer followed by

PC blended with coarse aggregate for another minute. Subsequently, the river sand and limestone dust were introduced together into
the mixture and blended for roughly 2 min to guarantee uniform consistency through the mixes. Thereafter, SCM was placed and mixed
for 1 min. A portion of the SP, equating to one-third of its total amount, was mixed with water and then incrementally added to the
mixture in two stages. The remaining SP was then incorporated during the mixing process. Finally, the mixing process proceeded for an
additional 6 min, leading to a full mix duration of 11 min. Before moulding the concrete, different types of fresh tests were performed
to investigate the self-compatibility properties of the conducted mixes such as the slump flow test and J-ring test. The equipment
consisted of a slump cone and baseplate made from steel for the slump flow test, and a ring containing different numbers of vertically

positioned reinforcing bars, slump cone and steel baseplate as shown BS EN 12350-8 and BS EN 12350-12 [48,49].

The constituents of SCC were mixed by placing coarse aggregate, followed in sequence by PC, fine aggregate, SCM, water and
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Table 2
Mix proportion of the starting materials in the studied mixes.
Mix ID PC Mix proportion (kg/m®)
Binder materials Aggregate Water SP
RHA FA GGBS SF Fine Coarse
Sand Limestone
RF 514.1 - - - - 525 225 833 205.6 3.3
SF-10 462.6 - - - 51.4 525 225 820.5 205.6 5.4
FA-20 411.2 - 102.7 - - 525 225 810 205.6 3.5
FA-40 308.4 - 205.6 - - 515.3 220.9 796.9 205.6 3
GGBS-20 411.2 - - 102.7 - 525 225 810 205.6 3.5
GGBS-40 308.4 - - 205.6 - 515.3 220.9 796.9 205.6 3
RHA-10 462.6 51.4 - - - 525 225 820.5 205.6 3.6

2.3. Heat of hydration

The hydration of cement pastes and that of corresponding concrete might not necessarily be the same. Most isothermal calorimeters
are not applicable for monitoring cement hydration in concrete systems because of the limited size of the samples. In order to
demonstrate the effects of using SCM on the hydration of SCC, the measurements were conducted using an isothermal calorimeter
(Calmetrix I-Cal 8000 HPC) [50], conforming with ASTM C1072- 2017 [51], and with curing temperature settings of 10, 20, 35 and
50 °C, respectively. Its large sample size, exceeding previous studies [52-54], can directly monitor the hydration outputs of the
concrete with a high level of accuracy. At each setting temperature, after the concrete was mixed, about 270g of the sample was
relocated to a sample holder, which was then sealed, and placed in the calorimeter. Each test was conducted in duplicate runs for a
duration of up to 100 h following the guidelines in Ref. [51]. SCM materials were substituted with cement at different dosage levels to
investigate their influence on the hydration process. The heat measurement was taken every 1 min for a total period of 100 h. The heat
rate of the studied samples was then calculated following ASTM C1897- 2020 [55].

2.4. Compressive strength test

The concrete was cast into cubic moulds with a 10 cm dimension and compacted solely by the weight of the sample without using a
vibration table. The samples with their moulds were covered and enveloped using a polyethene before being immersed in water tanks
set to varying curing temperatures up to 50 °C to assess the impacts of different temperatures on the rate of strength development. The
specimens were removed from their moulds after first day and immediately returned to their respective tanks. The compressive
strength was performed as per BS EN 12390-3 [56] at 1, 3, 7, 14, 28, 56 and 90 days after the concrete casting in triplicate.

2.5. Open porosity test

Following the curing period for early age (3 days) and later-age (90 days) of the concrete, the specimens for porosity investigation
were oven-dried at 60 °C for approximately 3 days until the weight recorded did change by more than 0.2 % over a period of 3h [57].
The open porosity measurements were carried out based on the open porosity and density method proposed by interlaboratory
comparison of hygric properties of porous building materials (HAMSTAD) [58].

3. Result and discussion
3.1. Fresh state

When in its fresh state, concrete conforms to three main criteria: the capacity to fill the space, the ability to pass through narrow
areas without blockages, and resistance to segregation [59], it is said to be SCC. The fresh state of SCC mixes is evaluated by different
fresh tests described by EFNARGC, including the slump flow, slump flow time (ts(), and J-ring tests. Table 3 summarised the fresh test
results. All the mixes exhibited an acceptable slump flow spread diameter (550-850 mm) and slump flow time (tsq) according to
Ref. [60]. The capability of SCC mixes to navigate through reinforcement bars was assessed using J-ring test [49]. The results indicated

Table 3
The fresh test results of the studied mixes.
Mix Slump flow spread tso Slump flow spread-J-ring flow The difference in vertical levels between the concrete within and outside
label (mm) (s) spread (mm) the ring (mm)
RF 645 1.78 45 10
SF-10 660 2 50 10
FA-20 690 1.47 15 7.5
FA-40 720 1 15 2.5
GGBS- 670 2.3 20 4
20
GGBS- 740 1.7 50 4
40
RHA-10 665 2.3 40 8.8
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there was no blockage observed in the examined mixes as per [60,61]. By visual inspection, it was verified that the mixes exhibited no
indication of segregation. It is worth mentioning that mixes that did not achieve the SCC standards were eliminated and not considered
in this study. The effects of including the supplementary materials as a part of cement on their workability are considerable in terms of
their nature and dosage.

The fineness of SF [62] and the porous structure along with the irregular shaped particles of RHA [63] caused a greater area of the
particle to be conducted to the water, resulting in more absorption. This caused a decrease in the amount of free water in the concrete,
which led to a decrease in workability. This brings to light the fact that a greater volume of superplasticizer was required to meet the
SCC standards. These observations are comparable with those indicated in Refs. [7,43,64,65].

FA has a spherical particle shape and a lower density than cement. Substituting cement with FA and GGBS led to a larger amount of
paste, which in turn decreased the friction between paste and aggregate resulting in an increase in workability. This trend is an
agreement between several earlier studies [47,66-69]. Therefore, a lower volume of superplasticizer was needed to achieve SCC
standards.

3.2. Heat of hydration of SCC

It is evident that the reaction rate relies on the chemical compositions driven by Ca/Si ratios [10], physical properties related to the
size of particles and their packing [70], the curing temperature [16] and diffusion processes at a later age [11,71].

The inclusion of materials that have a greater quantity of SiOy causes more consumption of (CH) [10,14]. Hence, rapid pozzolanic
reactions can be produced. Furthermore, with finer particles, a greater area of the particle is exposed and conducted to water. This
results in a greater reaction between particles, which can improve the strength. The amount of filler involved can also significantly
influence the reaction process, since the possibility for the formation of nucleation sites for the C-S-H phase can be increased with the
inclusion of a greater volume of the paste [70,72]. The rate of the hydration reaction becomes high with high-temperature curing and
vice versa. Eventually, the diffusion of the water and dissolved elements through C-S-H might also affect the reaction [11,71].

When compared with cement, pozzolanic materials normally have more silica, less calcium, and different physical properties (see
Table 1). This highlights the fact that different products can be formed from hydration when they are blended with cement. This affects
the various stages of hydration; that is, the induction period, the acceleration period, the deceleration period and the diffusion period.
The effects on these periods would be greater with different curing temperatures [21]. This will significantly affect the second step,
during which the properties of hardened concrete such as strength and durability [10].

The hydration reaction occurs immediately after the water has been mixed with cement (Fig. 2a and Fig. 2b). Fig. 2a shows the heat
flow of cement, SF, FA, GGBS and RHA cured at standard temperature. It can be seen that the temperature rises of the control sample
were reached at about 13 h.

For SCC specimens incorporating FA or GGBS, it was observed that the heat peaks generated was lower than the control sample
during the measurement interval. Additionally, these peaks were more delayed with higher levels of replacement of FA or GGBS. This
indicates that the pozzolanic reaction begins to take place during the hydration process. FA and GGBS have an additional source of
CaO, which leads to the production of some CH from the hydration reaction. Therefore, more time is needed for the SiO5 to consume
CH [10,72-74]. This can explain the low and slow reaction of FA and GGBS, which is reflected in slow strength development. FA
contains large amounts of SiO5 and Al;O3 and can also contain a little CaO. This is variable, depending on the source of FA [71].
Incorporating Al ions with C-S-H to form C-A-S-H, which has a low Ca/Si ratio, might lead to an increase in the solubility of Ca [10,73,
74]. Nevertheless, FA reacts in a heterogeneous manner with cement and might require a much longer time to be homogenised [74].
Furthermore, the diffusion process starts to dominate after a short time of the FA reaction [75]. In contrast, GGBS has less SiO3 and
Al03 but more CaO than FA [10]. When the substitution level of FA or GGBS is high, the reaction becomes slower due to the reduction
of alkali content (pH), leading to a decrease in the solubility process between the silicates and pH [10,72]. Furthermore, the diffusion
effect becomes more dominant with increasing replacement levels of cement by FA or GGBS [16,71].

Specimens with SF or RHA exhibited higher and earlier heat than FA and GGBS samples. SF is a material with high pozzolanic
activity owing to its high silicate composition, very fine particle size and low density, which enhance the filler effects [10,76].
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Fig. 2. Heat of hydration of all mixes using an isothermal calorimeter at 20 °C, (a) heat flow (mW/g) normalised by the weight of binder (plotted only for the first 40 h
for detailed view), (b) total cumulative heat flow (J/g) normalised by the weight of the binder.
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Including materials that are rich in silicate leads to more consumption of CH and can contribute to an acceleration of the reaction [14].
This can explain why, in our results, SF-10 was more pronounced in its reaction and achieved higher and earlier peak temperatures
than the control sample. Hence, rapid development of strength occurred. In contrast, the hydration process of the mixes including RHA
in cement binder is more complex when contrasted with other pozzolanic materials, mainly due to the porous structure of RHA
particles including absorption and release of the water [77].

RHA affects the hydration process via the following main mechanisms: the pozzolanic effect, the porous structure effect and the
internal curing effect [78,79]. The high silica content of RHA leads to a reduction in the Ca/Si ratio and improvements in the formation
of C-S-H products. This, in turn, has the potential to enhance the hydration reaction [78]. However, the pozzolanic reaction between
RHA and cement is influenced by the porous structure of RHA. During mixing, the pores of the particles can absorb some free water,
causing a reduction of the water in the system and decreasing the early stage of hydration for cement [78,79]. The stored water in the
porous particles of RHA can also affect hydration through the ongoing release of water from RHA (internal curing effect). When the
moisture level within the matrix decreases, water is released from the pores of RHA particles, facilitating additional hydration at a later
age [78,79].

During the acceleration period of all the studied specimens, the main peak appears irregular, exhibiting two peaks attributing to the
varying reactivity of different mineral components within cement. The initial peak which induced by a higher hydration rate of C3S,
causing a significant release of heat. Subsequently, the rate of the heat evolution starts to diminish as the hydration of C3S hinders. In
the interim between the initial and subsequent peaks, the less reactive C,S initiates its involvement in the hydration process. The
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emergence of the second peak occurs when the hydration reaction of CyS phase accelerates, causing a resurgence in the heat evolution
rate. Typically, the second peak appears to surpass that of the first peak due to the cumulative heat produced by the hydration of both
C3S and C,S phases which is greater than that produced solely by C3S [11,80].

The renewal of C3A dissolution, affected by gypsum and sulphate depletion, is responsible for the broadening of the main peak [21,
81]. The primary cause of the delay in hydration and subsequent dissolution of C3A is the adsorption of sulphate around it, occurring
after the consumption of sulphate [80-82]. The use of SCM in the system results in lower concentrations of sulphate in the solution
compared with plain cement. This reduced concentration is entirely consumed before the end of the deceleration phase, indicating a
rapid dissolution of C3A and a sharper peak when using SCM in the system [81] as demonstrated in SF-10, GGBS-20, GGBS-40 and
RHA-10. However, the heat peak of mixes containing FA appear broader (FA-20 and FA-40). The dilution effect of FA equivalent to the
effectiveness of water-to-cement (w/c) ratio, can be a factor in this peak widening [71,82].

The cumulative hydration heat of the studied samples (total heat of hydration) increased with time (Fig. 2b). The control samples
exhibited the highest cumulative heat. Within the authors’ expectation, this may be attributed to the renewal of C3A dissolution,
resulting in a broader heat peak and causing the cumulative heat of the control samples to appear higher as the age progresses. In this
connection, it is worth noting that a higher heat flow of hydration does not inevitably imply a higher cumulative heat of hydration
[83].

Noticeable variations in heat flow and cumulative heat were observed in the studied samples when exposed to different temper-
atures. Fig. 3 shows that the hydration and pozzolanic reactions were promoted by higher temperatures and decreased by lower
temperatures.
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As it is presented in Fig. 3, the higher the temperature, the higher and earlier the hydration peak achieved, regardless of the mix
compositions. The higher temperature tends to accelerate the reaction activity by promoting the consumption of CH [14]. Further-
more, the peak curve tends to be sharper with higher temperatures, indicating a rapid dissolution of C3A [84].

Since pozzolanic materials participate in forming different hydrated products, they tend to show different sensitivities to tem-
perature than cement [85]. Mixes containing RHA exhibited the highest peak (at 50 °C) due to its high silicate composition and
irregular particle shape, facilitating water adsorption, a process that is promoted by higher temperatures [53,86]. However, the higher
reaction rate induced at an early age, due to a higher curing temperature, can adversely affect the hydration rate at a later age. The
microstructure of the hydration products tends to be thicker with higher temperatures, which restricts the mobility of free water
between them [87]. As a result, the reaction is controlled by a diffusion process that leads to a retardation of the reaction rate and a
decrease in the ultimate level of hydration at a later period (Fig. 4) [16,88]. It appears that the cumulative heat over time of samples
placed at higher temperatures starts to gradually approach that of samples placed at lower temperatures. This is called the  crossover
effect”” and will be discussed in the next section. A similar phenomenon has been observed by Boha et al. [16]. In general, the negative
impacts of elevated temperature were alleviated through increased substitution levels with SCM, owing to their chemical and physical
effects that contribute to the formation of additional C-S-H phase [13-16].

3.3. Strength development

Fig. 5 illustrates the results of strength development, with standard deviation, for all SCC specimens with various SCMs at different
temperatures of curing. Since the compressive strength of concrete is primarily attributed to hydrated cement, it is commonly
considered as indication of concrete performance [26,27]. It is clear that the improvement in strength is proportional to the hydration
or pozzolanic reaction. When the reaction rate is high, the initial strength development will be increased, whereas the strength gain
rate will deteriorate when the hydration reaction rate is low. Heat curing affects the properties of each material in a distinct manner. At
standard curing temperatures, the control specimens with cement attained strength more rapidly than the other specimens, except
those containing 10 % SF. The reason for this lies in the particle properties of RHA [78,79] and the slow pozzolanic reaction of FA and
GGBS, primarily occurring with hydrated CH [10,72,89,90]. In contrast, SF exhibits high pozzolanic properties due to its high content
of amorphous silicate and large surface area, leading to an increase in the strength of the early-age concrete [14]. In the later stages,
concrete containing pozzolanic materials tends to exhibit a continuous strength gain due to the presence of more C-S-H. This leads to
the refined microstructure within the concrete and is accountable for strength improvement by filling the voids in the matrix [13,15,
20,72,91]. This will be discussed in greater detail in the next section.

The initial strength was improved owing to the fastened hydration and pozzolanic reactions at high temperatures, specifically at
35 °C and 50 °C for the clinker. The formation of C-S-H, primarily accountable for strength development in concrete, is formed in a
faster manner at higher temperatures [86,88]. Nevertheless, this could detrimentally impact and reduce the later-age strength of
concrete. This can be explained by the fact that the high curing temperature expedites hydration and leads to a heterogeneity of
hydration products, causing the creation of an extensive network of pores. This phenomenon is referred to as the crossover effect [92].
Similar trends have been found in other studies [14,19,93,94].

The crossover effect, first reported by McIntosh [95], is due to the rapid reaction, which causes a high concentration and het-
erogeneous hydration products around the cement particles. This leads to internal stress and, as a result, large pores are generated [92,
96]. Furthermore, the concentration of hydration products prevents the surrounded cement particles from continuing to be hydrated at
a later age. This can explain why the concrete has lower hydration and strength at a later age when it is cured at a high temperature at
an early age. It was revealed that the materials exhibiting lower pozzolanic reactions were relatively less susceptible to the negative
effects of higher curing temperatures. For example, the transition point between 20 and 50 °C took place at 14 days for the control
specimens, earlier than for other specimens containing SCM. This observation is in agreement with those reported elsewhere [14,19,
29]. It is thought that the presence of a dense C-S-H, formed during initial stages as a result of the high curing temperature, led to a
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Fig. 5. Strength development of the SCC mixes cured at different temperature as a function of the curing age. Error bars represent the standard deviation.
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coarser pore network in the microstructure of control concrete [87]. At a later age, the control specimens experienced low strength
development at high curing temperatures due to the insufficient amount of hydration products formed at a later age, which were not
sufficient to adequately fill the pores [87,88]. Even though the samples containing SF exhibited a higher reaction compared to control
concrete, the detrimental effect of a high curing temperature was less significant at a later age on the samples containing SF. This was
attributed to the small particle size of SF, which could improve the packing properties by efficiently filling the voids, known as
micro-aggregate filling effects [14]. Samples incorporating rice husk ash (RHA) appeared to be less influenced by the negative effects,
possibly due to the internal curing effect it induces, facilitating continuous hydration [78,79]. As a consequence of the gradual
pozzolanic reaction in FA and GGBS concrete, the resulting C-S-H can plug the pores at later age when exposed to high temperatures
[20,85]. This indicates that incorporating SCMs with cement in the binder can improve the concrete microstructure, providing pro-
tection against the harmful impact of the temperature on pore development.

In the case of a low curing temperature (10 °C), all concrete specimens exhibited slower strength development than those cured at a
higher temperature. However, strength progressively increased over time. As an illustration, the compressive strength of control
specimens surpassed that of those cured at a higher temperature (50 °C) starting from 14 days onwards. This was due to a slow reaction
in strength gain, which led to a more uniform distribution of hydration [88,97]. In comparison to control concrete specimens, the
specimens containing SF exhibit a slower rate of strength development during the initial seven days at low curing temperatures.
However, from day seven onward, the strength of the specimens containing SF exceeded that of the control specimens. It was observed
that the specimens incorporating FA or GGBS experienced slower strength gain over time compared with control specimens. This is
possibly due to the slow hydration of cement clinker at low temperatures, which consequently affects the pozzolan, causing it to begin
to react with (CH) at a later stage. The irregularly shaped particles of RHA, which facilitate water absorption and induce the reaction,
deteriorate in their absorption capacity at low curing temperatures. This can explain the slow strength of the samples containing RHA.

Therefore, it could be verified that SCC specimens containing SCM, when cured at low curing temperatures, gained strength
compared at lower rates. This delay in strength development is unfavourable for application in fast-track construction. In contrast, the
control specimens which contain cement with no replacement with SCM exhibited a faster rate of strength development than the
vibrated concrete specimen when exposed to low temperatures [19]. Despite both concrete types having a low initial heat of hydration,
the reaction progresses more rapidly in SCC as it has a reduced amount of coarse aggregate, which serves as an impediment to the
reaction. Additionally, the substantial amount of paste present in SCC expedited the process of strength improvement [98].

To gain more insight into the influences of different curing temperatures on the behaviour of SCC compressive strength, the
compressive strength development can be expressed as a ratio (strength gain at any temperature/strength gain at 20 °C). Fig. 6 il-
lustrates how the examined specimens respond (sensitivity) to variations in curing temperature. In general, at high curing tempera-
tures (35 and 50 °C), there was a decline in the strength ratio over time. This decline was observed to cross the strength ratio of
specimens cured at a standard curing temperature, which can be attributed to the previously mentioned crossover effect. The decline in
strength ratio was delayed more with specimens containing FA, GGBS, RHA, SF, and cement with no replacement, respectively. This is
due to the allowable replacement levels of FA and GGBS and the stored water in RHA particles [10,78,79]. Conversely, at a low curing
temperature (10 °C), the trend was different. As the specimens aged, the strength ratio of those cured at 10 °C increased gradually and
required some time to approach the strength level of specimens cured at a standard temperature. This prolonged duration became
increasingly apparent in specimens containing FA, GGBS, RHA, SF, and cement with no replacement.

3.4. Porosity

To gain a better understanding of how curing temperature influences the microstructure of SCC, the porosity of the concrete was
investigated, and the results were verified using standard deviation values (Fig. 7), since it directly affects the microstructure and
robustness of the SCC [65]. The pore structure of the samples is refined with age, and the enhancement ratio tends to be lower when the
concrete is cured at a high temperature. At an early age, the open porosity of hardened concrete exposed to a high curing temperature
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Fig. 6. Strength development ratio values of the SCC mixes at different temperatures (10, 35 and 50 °C) compared to those cured at a standard temperature (20 °C).
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Fig. 7. Average open porosity values of the SCC mixes at different curing temperatures at 3 and 90 days of age. Error bars represent the standard deviation.

generally decreased. The higher temperatures expedited the hydration and pozzolanic reaction of the clinker, resulting in an increase
in C-S-H phase content, which in turn tended to make the concrete microstructure less porous than the specimen exposed to 20 °C [14,
99]. Therefore, it could be verified that initial higher curing temperatures decreased the porosity and refined the pore structure of the
concrete. Despite the initial increase in C-S-H phase content, the hydration product tended to be unevenly distributed due to the initial
elevated curing temperature, which in turn hindered further hydration reactions as indicated before. Therefore, an insufficient amount
of hydration products formed at a later age, which were unable to adequately fill the pores, resulting in poor refining of pore structure
[86-88,99].

In the case of a low curing temperature (10 °C), the microstructure was less refined, and the open porosity was higher due to the
slow formation of hydration products. However, the slow formation of hydration products tended to be uniform and refined the pore
structure at a later age [88,97,99]. Using SCMs decreased the porosity and refined the pore structure of the concrete at a later age
owing to their additional C-S-H formation through the pozzolanic reaction with cement, along with their beneficial physical properties.
The strength increase, defined by the Strength ratio in Equation (1), is directly proportional to the refinement of the pores, denoted by
the Porosity ratio in Equation (2), as illustrated in Fig. 8.
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Specimens containing RHA exhibited lower pore volumes at a later age due to the stored water in the pores of RHA particles,
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facilitating additional C-S-H formation, which could occupy the voids in the matrix.

3.5. Prediction of the compressive strength development

The first step to predicting the concrete strength at any age at different curing temperatures is by calculating the apparent acti-
vation energy (E,) that is necessary for determining the equivalent age (t.) of the concrete. Calculation of the activation energy value of
the specimens involved the method of analysis outlined in ASTM C1074- 2019 [100].

Due to different mix proportion of SCC compared to conventional concrete, it is recommended to calculate E, based on concrete
samples instead of corresponding mortar suggested for conventional concrete. This is to enhance the accuracy as adopted in Refs. [19,
37,41,85,101,102]. This includes fitting Equation (3) based on the outcome of strength improvement of the specimens at each curing
temperature to deduce the essential constants needed for calculating the apparent activation energy.

_ 1Suk(t to) 3)
+k(t—to)
In Equation (3), S denotes the strength development of the concrete (MPa) at age t, S, represent the ultimate compressive strength of
the SCC samples (MPa), k denotes the rate constant (1/day), t stands for the test age of the concrete (days), t, signifies the starting age
assumed for concrete’s strength development (days). The required constants are summarised in Table 4.
In order to predict the compressive strength development of the studied concrete specimens, it is essential to calculate the
equivalent age (t,) using the equation [103].

1 1

_E (1
te:Ze K (T Tr) o At (©)]

E, represents the apparent activation energy (J/mol), R stands for the gas constant (J/Kmol), whereas T and T , denotes the tem-
perature of the concrete and reference temperature, respectively in Kelvin, At signifies the duration of curing period (days).

To calculate E,, the data is presented as a plot of the natural logarithm of k (In (k)) with respect to the reciprocal of absolute
temperature (}) as recommended in ASTM C1074- 2019 [100]. Subsequently, regression analysis was carried out by fitting a best-fit
straight line through the given points (see Fig. 9). The ratio % was determined from the negative slope of the lines. The apparent
activation energy of the examined specimens is listed in Table 4.

Table 4 shows the values of E, for the samples analysed. The finding revealed an increase in E, for concrete containing SF, whereas a
decrease was observed for concrete with FA, compared to control concrete mix. The findings align with the results of various studies
reported in the literature [21,75]. Due to the high pozzolanic activity of SF [10], owing to its chemical and physical properties, the

Table 4
Regression constants for strength development of the studied samples and their values of apparent activation energy.

Mix ID T (°C) Su (MPa) k (1/day) to (days) R? E, (KJ/mol)

RF 10 86.48 0.30 1.52E-08 0.995 37.34
20 75.74 0.73 1.73E-12 0.976
35 62.82 1.44 2.91E-09 0.915
50 69.17 2.21 0.21 0.992

SF-10 10 90.46 0.27 0.20 0.981 45.50
20 84.56 0.66 4.01E-13 0.981
35 80.67 0.98 1.48E-11 0.960
50 77.67 3.58 0.34 0.998

FA-20 10 60.72 0.27 7.22E-11 0.989 25.46
20 72.63 0.52 9.19E-09 0.934
35 69.78 0.67 9.39-10 0.954
50 71.91 1.14 1.14E-11 0.971

FA-40 10 60.18 0.14 6.34E-08 0.934 25.62
20 70.16 0.25 2.05E-11 0.965
35 68.05 0.36 3.53E-10 0.980
50 68.97 0.56 2.85E-13 0.994

GGBS-20 10 76.01 0.16 1.41E-08 0.964 36.63
20 77.74 0.55 4.62E-10 0.985
35 66.07 0.89 8.52E-11 0.926
50 70.87 1.56 4.24E-14 0.977

GGBS-40 10 70.37 0.12 5.85E-09 0.985 40.26
20 77.09 0.27 3.47E-13 0.988
35 72.6 0.46 1.82E-12 0.985
50 73.89 0.92 1.99E-11 0.999

RHA-10 10 67.42 0.24 4.41E-01 0.997 32.70
20 72.22 0.40 1.59E-11 0.976
35 73.16 0.79 2.03E-09 0.868
50 66.69 1.32 2.98E-11 0.927
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hydration process of the binder with SF tends to be primarily controlled by chemical reactions. Consequently, substituting SF for
cement in the concrete raised the E, value. On the other hand, when using FA in the concrete, the chemical reaction initially drives the
hydration for limited time, but it is then primarily dominated by the diffusion process [71,75]. The hydration process primarily
regulated by diffusion seems to result in a lower E, value compared to the one governed by chemical reactions [75]. As a result, using
fly ash in the binder for concrete led to a reduction in E, value. In contrast, GGBS is hydraulic material with a composition close to that
of Portland cement, enabling it to independently react with water. Therefore, E, values of samples with GGBS and control samples
show no distinctive difference [75]. The complex hydration mechanisms of RHA as previously described, produce a unique E, value. In
this study, E, values of high-strength SCC samples appear to be lower than those found in the existing literature [19] for normal
concrete. The reason behind this observation may stem from the distinct hydration kinetics and initial strength characteristics of the
SCC samples in this study, attributed to their high powder content, which had possibly reduced water absorption necessary for the
binder hydration at later stages [101,104].

To predict the strength development of SCC specimens at any curing temperature, the equivalent age (t.) determined by Equation
(4) can be substituted for test age t in Equation (3), using the relevant constants S, k and t, which are determined at the standard
curing temperature. Fig. 10 illustrates the calculated strength estimation of the examined specimens. As previously observed, the
strength development of SCC specimens was significantly influenced by the SCM in the blended cement and the curing temperature.
These factors had a significant effect on the trend of strength estimation for the studied specimens. At a low curing temperature, the
early-age strength estimation of (RF) and (SF-10) was higher than the actual strength, but it was underestimated as the age of the
concrete increased. On the contrary, the strength of the specimens containing FA or GGBS was overestimated, particularly with a
greater level of replacement with cement through the test period. This is primarily because of the gradual pozzolanic reaction observed
in FA and GGBS materials. At higher curing temperatures, the overestimate for the strength was more pronounced in (RF) compared
with other samples containing SCM, as was evident from the crossover effect that took place earlier in (RF). The accuracy of the
comparison between predicted and experimental compressive strength is presented in Fig. 11.

4. Conclusion

This study investigated the influences of maturity on the hydration reaction process and development of compressive strength in
high-strength SCC with various SCMs as partial Portland cement substitutions, and the following conclusions were drawn.

e The addition of SF and RHA in SCC decreased workability, while the addition of FA and GGBS enhanced workability. All of these
findings demonstrated the variation in water demand caused by the fineness of SCMs with cement.

e The specimens incorporating SF were more pronounced in reaction and achieved higher and earlier peak temperatures than the
other specimens containing RHA, FA or GGBS. Consequently, using SF can lead to an increase initial strength of the concrete, while
using RHA, FA or GGBS causes a deceleration in strength progress, but contributes to a higher level of strength gain in the long term.
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High curing temperatures can expedite the hydration reaction associated with progress in early-age concrete strength, but
concurrently could lead to delayed strength progress at a late age. This detrimental effect can possibly be mitigated by using SCM in
blended cement. The occurrence of a crossover effect was noticeably delayed with inclusion of FA, GGBS, RHA and SF, respectively
in the studied specimens.

At low curing temperatures, the hydration and pozzolanic reactions deteriorated, causing a slow gain in concrete strength.
However, strength continued to develop over time. The SCC specimens incorporating RHA, FA or GGBS experienced slower
strength gain over time compared with control specimens. Despite the potential enhancement in the compressive strength of the
concrete with the addition of SF after 7 days, the drawback lies in the slow initial strength development of SCC with SCM, which is
not ideal for fast-track construction.

The concrete microstructure tended to be denser and less porous at high curing temperatures compared with the specimens cured at
standard or low curing temperatures. However, this can lead to a poor rate of refinement of the pore structure in the long term.
Conversely, the microstructure was less dense and more porous at a low curing temperature, but with a high rate of enhancement in
pores of the structure in the long term.

The estimation of the strength development of SCC by the maturity method was significantly influenced by SCMs in the blended
cement and the curing temperature. Overestimation was observed more at low curing temperatures in specimens containing FA or
GGBS, particularly with a higher replacement level as well as in specimens containing RHA. On the other hand, overestimation of
strength was more pronounced in control specimens at high curing temperatures.
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