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Abstract 

High slag concrete (HSC) offers substantial benefits in terms of durability and reduced carbon footprint, but its late 
strength gains delayaccurate 28-day strength prediction from early strength. This study aims to develop accelerated 
oven curing regimes to predict the 28-day compressive strength of HSC accurately. The research focuses on the fun-
damental question of whether the application of accelerated curing at specific temperatures would help estimate 
HSC’s long-term strength. To achieve this, a series of concrete specimens were subjected to accelerated oven cur-
ing at 50 °C and 70 °C. The compressive strength development was observed and correlated with standard curing 
conditions. Additionally, the hydration kinetics of the cementitious paste under these elevated temperatures were 
examined by using the isothermal calorimetry method. This research will produce a predictive model correlating 
accelerated curing data with 28-day strength. The findings of this study will provide a reliable method for estimating 
the strength of HSC at an early age, enabling more efficient construction planning.

Keywords  Calcium silicate hydrate gel, Calcium hydroxide, Alumino ferrite trisulphate, Alumino ferrite monosulphate, 
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Introduction
There was a time when Portland cement (OPC) was 
considered the sole binding material in concrete. The 
Portland cement exhibits higher carbon emissions in tra-
ditional concrete. It became a persistent challenge for the 
construction industry dealing with decarbonisation, and 
therefore, concrete mixes with cement replacement using 
supplementary cementitious materials (SCMs) allow for 
a lower carbon footprint of concrete. SCMs like pulver-
ized fly ash (PFA), ground granulated blast furnace slag 

(GGBFS), silica fume (SF) were introduced and widely 
used from the mid-twentieth century in the construction 
industry for a variety of reasons including cost-effective-
ness, enhanced durability properties, and its lower car-
bon dioxide emissions (British standards. 2011).

GGBFS is a by-product of iron production in blast 
furnaces and is similar to cement, which has hydraulic 
properties (Matthes et  al. 2018). Compared with OPC, 
GGBFS has a lower embodied carbon value of 155 kg 
CO2e/tonne (Embodied and 2 e of UK cement, additions 
and cementitious material [Internet], 2025). Concrete 
with cement as a binder is a fundamental building mate-
rial used globally in the construction industry; therefore, 
replacing cement with GGBFS is considered to be one 
of the strategies to decarbonize cement and concrete. It 
is possible to reach a higher replacement rate (35–95%) 
(British standards. 2011; BRE 2005) at the same time 
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improving the ability to resist aggressive agents from 
penetrating concrete (Cement_Type_Early_Age_Proper-
ties_23_Jun_11. (2011)).

In the precast industry, it is extremely difficult to 
achieve very early age strength, especially within 24 h 
from pouring for a high GGBFS concrete mix (Korde 
et al. 2021). The mold turnover is the main profit factor 
for the precast concrete industry; therefore, it is manda-
tory to facilitate an accelerated curing method in order to 
achieve the desired compressive strength for de-shutter-
ing and lifting the precast elements. The higher the cur-
ing temperature, the faster the heat of hydration of the 
concrete (Winter 2009), which is sufficient to produce 
a significant increase in the early age strength of slag 
cement concrete (Zulu et al. 2019).

Compressive strength is one of the most critical 
mechanical properties that determines the load-carrying 
capacity and durability of concrete (Jha et al. 2020; Insti-
tute and BS 8500–1:2023: concrete. Complementary Brit-
ish Standard to BS EN 206: Method of specifying and 
guidance for the specifier. 2023). The strength of con-
crete is assessed based on 28-day results. The reason to 
consider the 28-day compressive strength as a parameter 
is based on the maturity of the concrete. The strength 
development of concrete depends on both time and tem-
perature. The concrete strength is a function of the sum-
mation of the product of time and temperature. This is 
called the maturity of concrete.

Maturity = Σ (time × temperature).
The temperature is taken from an origin lying 

between − 12 and − 10 °C because hydration of the 
concrete stops when the temperature of the concrete 
reaches above − 12 °C. However, − 11 °C is usually taken 
as a datum line for calculating maturity. The curing tem-
perature of the concrete specimen is 20 ± 2 °C (British 
Standards (2019)). For instance, a fully matured concrete 
cured at 18 °C for 28 days will be 19,488 °C h; however, 
in standard calculations, the maturity of the fully cured 
concrete is taken as 19,800 °C h. This discrepancy should 
be attributed to the datum value used for the calculation. 
Hence, compressive strength at 28 days is considered in 
the industry as a standard to determine the mechani-
cal property of the concrete (Shetty and Jain 2019). As 
a rapid quality control procedure, it is crucial for a con-
crete quality control engineer to predict the desired 
strength at an early age. According to the maturity 
model using OPC, cube strength results should achieve 
46% of characteristic compressive strength in 3 days and 
70% in 7 days (Rhodes, et  al. 2008). This assures that 
the cube will achieve the desired compressive strength 
in 28 days. Whereas in the case of mixes with a higher 
percentage of GGBFS, the slower, early strength gain 
is compared with OPC due to reduced availability of 

CaO (Cement_Type_Early_Age_Properties_23_Jun_11. 
(2011)). Nevertheless, slag cements exhibit more strength 
development at later stages (Austin et  al. 1992). The 
reduced availability of CaO in GGBFS is a key factor for 
slowing down the hydration process (Korde et al. 2021). 
By increasing the temperature during the curing time, we 
can increase the early age strength, so by increasing the 
GGBFS content and decreasing the embodied carbon, we 
might achieve satisfactory early age strength. Neverthe-
less, there are no models predicting long-term strength 
for concretes with high GGBFS exposed to high tempera-
ture curing. Knowing the relationship between early age 
and 28-day compressive strength for concretes with high 
OPC replacement with GGBFS cured in high tempera-
tures allows precast concrete producers to optimize their 
production by minimizing associated embodied carbon.

Even though concrete technology has advanced signifi-
cantly, there is still a noticeable lack of targeted research 
on predicting the 28-day compressive strength of high 
slag cement concrete using early-age strength data from 
accelerated oven curing regimes. The use of maturity 
methods, isothermal curing, and other predictive tech-
niques for regular Portland cement systems has been the 
subject of numerous studies; however, the literature to 
date has not sufficiently addressed the special hydration 
kinetics and strength development patterns of high slag 
blends under elevated temperature conditions. Specifi-
cally, for high-volume supplementary cementitious mate-
rial (SCM) systems like slag, the viability of accurately 
predicting long-term strength performance in a short 
period of time, that is, within 55 h of casting, remains a 
crucial knowledge gap.

By creating and evaluating a predictive methodology 
specifically designed for high slag concrete using a con-
trolled accelerated oven curing regime, this study seeks 
to close this gap. This study provides a useful framework 
for quick quality control by establishing a correlation 
between early-age compressive strength (measured after 
oven curing) and the typical 28-day strength. In addition 
to improving knowledge of the early-age behavior of slag-
rich mixes under accelerated oven curing conditions, the 
methodology helps the precast and ready-mix concrete 
industries optimize their production schedules. By low-
ering the waiting time for routine compressive strength 
testing, the results could improve operational efficiency, 
guarantee early performance specification compliance, 
and allow for prompt modifications to production proce-
dures or mix design.

Literature review
Mixes that contain GGBFS, particularly in low ambi-
ent temperature conditions, demand an extended 
period of curing in order to achieve sufficient strength 
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development (Domone and Iiston 2010). Regourd states 
that the determined activation energy for slag cements 
exhibits a higher value compared with the activation 
energy of their corresponding OPC, specifically 50 and 46 
J.mol−1, respectively (Moranville-Regourd (n.d.)). There-
fore, thermal treatment is advantageous for slag cement 
as it serves as an efficient source of activation energy for 
the hydration process of slag; thus, it can be regarded as a 
latent cementitious material as specified above.

When GGBFS is mixed with OPC, the suspension 
of slag is activated by the elevated pH of the solution, 
which is attributed to the presence of calcium hydrox-
ide and alkali ions in the pore solution. Both the clinker 
and the slag undergo reactions simultaneously, result-
ing in the formation of calcium silicate hydrate (C–S–
H), which contributes to the development of strength. 
The hydration process of GGBFS generally occurs more 
slowly compared to Portland cement. Furthermore, 
during the initial stages of hydration, slag can partially 
function as an inert filler. This filler effect enhances 

the nucleation and growth of C–S–H by increasing the 
effective water-to-cement ratio and providing addi-
tional nucleation sites (Black 2016).

Enhancing the basicity of slag results in increased 
hydration of the slag over a specific time period. How-
ever, higher replacement levels result in decreased slag 
hydration, partly due to the reduced availability of port-
landite caused by the lower cement content. For com-
parison, over 80% of the cement in each system had 
hydrated after 7 days (Whittaker et al. 2014).

The degree of C3S hydration increases with the addi-
tion of slag after 1 and 3 days; however, over a longer 
period, it remains comparable to that without slag addi-
tion. This phenomenon is thought to result from the 
crystallization of calcium silicate hydrate (C–S–H) on 
the slag particles (Fig.  1). Additionally, the reduction 
in calcium ion concentration in the liquid phase plays 
a prominent role, especially in the case of very finely 
ground slag (Whittaker et al. 2014).

Fig. 1  Example of the graph showing the degree of hydration (%) with respect to time of C3S, C2S, slag, and cement for CEM I, CEM III/A, and CEM 
III/C cement (adapted from Stephant et al. (2015))
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The influence of slag on the hydration of C3A and C4AF 
is minimal, as the concentrations of Ca2+, Al3+, and 
SO4

2− ions in the liquid phase are not significantly altered 
by the presence of slag. However, because calcium alumi-
nate hydrates and ettringite are well-crystallized and tend 
to form a porous rather than a compact microstructure, it 
can be inferred that the hydration rate will be somewhat 
reduced. Conversely, some calcium hydroxide and SO4

2− 
ions are adsorbed on the slag glass surface and incorpo-
rated into the pozzolanic reaction, which may accelerate 
the reaction of aluminates (Stephant et al. 2015).

There is a strong correlation between the degree of slag 
hydration and cement strength. However, as noted by 
Fierens, varying strengths can be observed at the same 
hydration degree of different slags, indicating that other 
factors, such as the microstructure of hydrates and the 
conditions of their crystallization, also influence strength 
development (Fierens 1989).

Accelerated curing
Accelerated curing can be conducted in various meth-
ods, namely the warm water method, autogenous cur-
ing method, and boiling water method (International 
A (n.d.)). The accelerated curing technique used for 
this experiment is the oven curing method, which is 
explained below.

Oven curing method is preferred due to its ease in per-
forming the accelerated test, as no sophisticated setup 
is needed because every lab will have a thermostatically 
controlled oven, which is fair enough for conducting an 
accelerated test by oven curing. Moreover, it is conveni-
ent for high slag concrete (HSC) due to its efficiency in 
providing actual control of curing parameters. This can 
be achieved by meticulously regulating temperature, a 
critical factor influencing the hydration of GGBFS. Oven 
curing facilitates faster strength development without 
compromising the hardened concrete properties (Weda-
talla et al. 2019).

Furthermore, oven curing ensures uniform environ-
mental conditions, minimizing the variations in curing 
outcomes and enhancing the consistency of strength pre-
diction. This method effectively protects concrete from 
external influences, ensuring unswerving quality and 
performance. The accelerated strength gain facilitated 
by oven curing is advantageous for construction pro-
jects demanding pressing timelines (Specifications and 
for Concrete Structures—2007‘Materials and Construc-
tion’.2010. 2010).

TNW Akroyd (Akroyd 1961) has conducted an excep-
tional study on the oven curing method. He performed 
the oven curing 30 min after mixing the cubes, and it 
was covered with a base plate once the cubes were placed 
inside the oven. The temperature was brought to 85 °C 

within 1 h and maintained at the same temperature for 
a period of 5 h. After 5 h, the cubes are removed from 
the oven, stripped, and allowed to cool for 30 min. Then, 
it is transferred for compressive testing. Akroyd had 
concluded that the compressive strength test results for 
cubes cured normally for a period of 7 or 28 days may 
be predicted by accelerating the curing of the cubes and 
testing them 29 h after casting (Akroyd 1961).

Effects of accelerated curing on concrete
This section examines the complex mechanisms by which 
accelerated curing processes influence the fundamental 
characteristics of concrete. Through a comprehensive 
analysis of these factors, this study aims to explain the 
potential advantages and disadvantages of accelerated 
curing for high-slag concrete, providing valuable insights 
for optimizing construction practices and achieving 
desired performance outcomes.

Microstructure
During the accelerated curing process, the elevated tem-
perature and humidity conditions contribute to shorten-
ing the induction period of cement hydration (Dorn et al. 
2022). There is no change in the main products of hydra-
tion like calcium silicate hydrate gel (C–S–H), calcium 
hydroxide (Ca (OH)2), calcium alumina ferrite (AFt), and 
monosulphur calcium sulphoaluminate hydrate (AFm) 
(Kurdowski 2014). Accelerated curing techniques change 
the morphology, density, atomic ratio, and chain length 
of C–S–H gels. Under rapid increase in curing tempera-
ture changes the bulk density of the ionic structure. The 
curing temperature affects the atomic distribution and 
changes the atomic proportions (Wang et al. 2022).

Delayed ettringite formation
Ettringite is a mineral composed of hydrous calcium 
aluminate sulphate, which undergoes formation within 
concrete during the process of curing under ambient 
conditions. However, in  situations where concrete is 
exposed to high-temperature curing, such as in acceler-
ated curing or in the case of mass concrete, the excess 
heat produced during the process of cement hydration 
cannot be easily dissipated. As a result, ettringite forma-
tion can be delayed. When the concrete is set, it may lead 
to expansion and result in internal cracking. This phe-
nomenon is called delayed ettringite formation (DEF) 
(Delayed ettringite formation: in  situ concrete. 2001). 
Nevertheless, prolonged periods of elevated curing result 
in significantly decreased expansions, which align with 
documented chemical alterations that may involve the 
formation of ettringite following heat treatment (Law-
rence 1995).
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Compressive strength
This parameter requires further elaboration as it is the 
pivotal property being analyzed in this paper. The com-
pressive strength of concrete refers to the ratio of the 
maximum uniaxial load that can be sustained by the 
concrete at a specific rate to the cross-sectional area of a 
specimen (Perrie 2009). Some of the factors affecting the 
compressive strength of a concrete specimen are noted 
below (Neville and Brooks 1994).

Porosity  The relationship between water-to-cement 
ratio and porosity is a significant factor influencing the 
compressive strength because it affects the porosity of 
both the cement mortar matrix and the interfacial tran-
sition zone between the matrix and the coarse aggregate 
(Chang 2004).

Water‑to‑cement ratio  Water-to-cement ratio has a 
direct relation to the strength of concrete due to its natu-
ral behavior of awakening of the matrix when increasing 
the water-to-cement ratio due to an increase in porosity 
of the mix, whereas it behaves vice versa when the water-
to-cement ratio is lowered.

Degree of compaction  The strength of concrete is sig-
nificantly affected by the increased energy applied dur-
ing compaction. A portion of this strength enhancement 
may be attributed to unhydrated cement particles being 
encapsulated by thinner layers of hydrated cement. Addi-
tionally, it is plausible that high-pressure-compacted con-
crete derives its strength from a combination of particu-
late interlocking, sintering processes, and the hydration 
of cement (Chang 2004).

Temperature  The influence of temperature on concrete 
strength depends on the time–temperature history of 
casting and curing, which means the three possibilities: 
concrete cast and cured at the same temperature, con-
crete cast at different temperatures but cured at a normal 
temperature, and concrete cast at normal temperature 
but cured at different temperatures (Chang 2004).

It has been claimed (Hutchison et  al. 1991) that the 
addition of gypsum to the mix could significantly lessen 
the adverse effect on strength at later ages after initial 
high-temperature curing. Normally, gypsum dosage is 
around 3–5% (Scrivener et  al.  2018). This is most likely 
due to the gypsum interfering with the hydration phases 
(C3A and C4AF) that readily form in the presence of heat. 
As a result, the later hydration of slower-acting phases 
(C2S and C3S) does not disturb these phases, reduc-
ing microstructural damage and enhancing long-term 
strength.

Many researchers have conducted studies on the 
28-day compressive strength of concrete estimation 
based on early age strength. (Nurse 1949) introduced 
steam curing, observing inconsistency due to cement 
composition and hydration rates. Akroyd and Smith-
Gander (1956) developed the boiling method, with their 
modified approach (24-h normal curing + 33-h boiling), 
which closely aligned with 28-day strengths, eliminat-
ing the need for correlation graphs. Ordman and Bon-
dre (1958) highlighted the influence of oven temperature 
inconsistencies, causing significant under-predictions in 
high-strength concrete. Neville (1957) demonstrated that 
smaller cubes tend to over-predict strength, particularly 
at high compressive levels. Emtroy (1958) presented the 
Cement and Concrete Association (C.C.A.) curve, pro-
viding a standardized and reliable framework for early 
strength predictions, especially for strengths below 28 
MPa. In that, Prof. King’s method of accelerated oven 
curing (Fig.  2) is considered to be more accurate and 
easier for adoption (Shetty and Jain 2019; Akroyd 1961). 
For instance, the accelerated oven curing strength of 42 
MPa has been increased to more than 65 MPa at 28 days, 
when it is cured under normal conditions (King 1960 Jun 
4). Prof. King cured the cubes at 93 °C for a period of 5 h, 
and the total time spent for the accelerated curing was 7 
h only. Moreover, the aforementioned research was car-
ried out on 100% OPC mix cubes. Whereas over here, we 
have performed the accelerated oven curing on high slag 
concrete, and the duration of curing time is more than 24 
h.

As previously stated, there exists a range of methods 
for forecasting the strength of concrete by employing 
diverse accelerated curing protocols. However, when it 
comes to concrete with a higher percentage of GGBFS 
composition, there is a need for further investigation 
into the effectiveness of accelerated curing using a ther-
mostatically controlled drying oven. The concrete’s early 
strength can be significantly influenced by the increased 
content of GGBFS. Consequently, it is necessary to thor-
oughly investigate the correlation between the early 
strength achieved through accelerated oven curing at 
various temperatures.

The majority of international standards pertaining 
to conventional accelerated curing methods have been 
withdrawn or replaced by other standards, resulting in 
a lack of a standardized protocol for conducting these 
tests. Ensuring the precision of forecasts derived from 
accelerated curing is of utmost importance in order to 
ascertain the dependability and feasibility of quality con-
trol protocols. This can be accomplished by juxtaposing 
these predictions against the concrete’s real-world per-
formance over extended periods of service life.
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The potential limitations of current predictive mod-
els for estimating the 28-day compressive strength in 
high slag concrete under accelerated curing regimes 
may pertain to their accuracy and scope. There is 

a lack of research in the field of developing and vali-
dating a reliable predictive model that considers the 
unique hydration characteristics of slag and its interac-
tions with the accelerated oven curing method. Know-
ing this relationship allows precast concrete producers 

Fig. 2  Prof King’s prediction curve for accelerated strength as a percentage of 28 days with respect to the accelerated strength (adapted 
from Akroyd (1961))
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to optimize their production by minimizing associated 
embodied carbon.

Materials and methods
In this section, we have meticulously analyzed the prop-
erties of all constituent materials, i.e., OPC, GGBFS, 
coarse aggregate and fine aggregate, admixture, and water 
in order to ensure that constituent materials conform to 
BS EN 206 (British Standards 2021). The testing of con-
stituent materials was performed based on an interna-
tional standard (listed in the next sections). The quality 
control testing and properties of constituent materials 
are explained below in detail.

Cement
Cements are classified into a number of types based on 
their application, environment, availability, etc. The most 
common types of cement used in the Middle East are 
(i) ordinary Portland cement (OPC) and (ii) sulphate-
resistant cement (SRC). For this research, the OPC was 
adopted due to its availability and consistency in Qatar, 
where the research took place. The chemical composition 
of OPC is analyzed in an accredited third-party labora-
tory, and it complies with BS EN 197–1 (British stand-
ards 2011). The OPC (CEM I) used for this study is 42.5 
R grade. The chemical composition is given below in 
Table 1.

The clinker compounds were calculated as per ASTM 
C 150 (ASTM. ASTM 2021) and displayed in Table  2. 
Furthermore, C3A content in this cement is 6.5%, which 
makes this cement a moderate sulphate-resistant cement 

even though it is marketed as OPC. The reduction of C3A 
content is being pursued in Qatar as a result of the ele-
vated levels of sulphate found in the soil.

There are three main parameters, which are considered 
by manufacturers for assessing the quality of cement are 
listed below.

The first one is lime saturation factor (LSF), and it is 
determined by the ratio of lime to silica, alumina, and 
iron oxide and governs the relative proportions of C3S 
and C2S. Typical values for LSF are between 92 and % 
(John and Choo 2003).

The second parameter is silica ratio (SR), which is oth-
erwise called silica modulus. A high silica ratio means 
that more calcium silicates are present in the clinker 
and less aluminate and ferrite. Whereas the final param-
eter alumina ratio (AR) determines the potential rela-
tive proportions of aluminate and ferrite phase in the 
clinker. AR is usually between 1 and 3 (Winter 2009). The 

LSF (%) = CaO/(2.8SiO2 + 1.2A12O3 + 0.65Fe2O3)

SR (%) = SiO2/(A12O3 + Fe2O3)

AR (%) = A12O3/(FE2O3)

Table 1  Chemical composition of CEM I (OPC) and GGBFS

Chemical components CEM I test results (%) BS EN 197–1 limits (%) GGBFS test results (%) BS EN 
15167–1 
limits (%)

Magnesium oxide (MgO) 3.2 4.9 Max.18.0

Aluminium oxide (Al2O3) 3.6 13.5

Silicon dioxide (SiO2) 20.85 34.21

Sodium oxide (Na2O) 0.18 0.16

Potassium oxide (K2O) 0.4 0.4

Calcium oxide (CaO) 63.03 42.90

Loss of ignition 2.6 Max 5.0 0.9 Max 3.0

Ferric oxide (Fe2O3) 1.8 0.9

Insoluble residue (IR) 0.5 Max 5.0 0.5 Max 1.5

Chlorine (Cl) 0.004 Max.0.1 0.004 Max.0.1

Sulphur trioxide (SO3) 2.2 Max.3.5 0.5 Max.2.5

CaO/SiO2 ratio 3.02 Min.2.0

Titanium oxide (TiO2) 0.19

Table 2  Clinker compounds of CEM I (OPC)

Clinker compounds CEM I test 
results 
(%)

Alite (C3S) 65.1

Belite (C2S) 10.7

Aluminate (C3A) 6.5

Ferrite (C4AF) 5.47
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aforementioned parameters for the cement used for this 
research are tabulated in Table 3.

Winter found that in order to achieve enhanced early 
strength of cement, it is necessary for the values of SR 
(silica ratio) and LSF (lime saturation factor) to be ele-
vated (Winter 2009). Nonetheless, there are certain dis-
advantages associated with the use of high LSF and SR 
mixes in kilns. These mixes pose significant challenges 
in terms of achieving the desired reactions, as they are 
more resistant to combustion and hard to combine. 
The observed phenomenon is categorized by elevated 
levels of carbon dioxide (CO2) emissions, which can be 
associated with the augmented calcium oxide (CaO) 

concentration in the cement as well as an enlarged 
demand for fuel.

Ground granulated blast furnace slag (GGBFS)
The physical and chemical properties of GGBFS used are 
carefully analyzed by an accredited third-party labora-
tory. The measured basicity ratios for GGBFS reactivity 
are tabulated in Table 4.

The significant potential to reduce the mixes’ over-
all carbon footprint is one of the main benefits of using 
GGBFS as an additional cementitious material in con-
crete. By decreasing the use of Portland cement (CEM 
I) and replacing it with one of the most energy and car-
bon-intensive building materials, i.e., GGBFS, the con-
crete carbon emission can be reduced significantly. The 
embodied carbon values calculated (Fig. 3) on a per cubic 
meter basis for the different mix proportions assessed 
in this study show the greatest environmental benefit. 
The total embodied carbon of the concrete significantly 
decreases when the replacement level of ordinary Port-
land cement with GGBFS is increased from 50 to 70% 
(How to calculate the embodied carbon of a concrete 
mix—factsheet [Internet]. Available from (n.d.)). The 
strategic application of GGBFS thus supports the devel-
opment of low-carbon concrete technologies without 
sacrificing performance requirements and is in line with 
international efforts to decarbonize the construction 
industry (Kelly 2023 Jul 3).

Mix proportions
A single grade of mix with three different cementitious 
combinations is considered for this study. The primary 

Table 3  Cement parameters

Lime saturation factor (LSF) (%) 93

Silica ratio (SR) (%) 3.86

Alumina ratio (AR) (%) 2

Table 4  GGBFS basicity ratios

Chemical components Test results (%) Limits (39) (%)

P1 = CaO/SiO2 1.25  > 1.0

P2 = (Cao + MgO)/SiO2 1.4  > 1.0

P3 = (CaO + MgO)/(SiO2 + Al2O3) 1 1.0–1.3

P4 = (CaO + 0.56Al2O3 + 1.4 MgO)/
SiO2

1.67  > 1.65

P5 = CaO + MgO + Al2O3/SiO2 1.79  > 1.0

Fig. 3  Embodied carbon of concrete mixes
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objective of adding different GGBFS proportions was 
to comprehensively investigate the influence of a wide 
range of GGBFS additions on concrete properties. All 
the mixes are designed to be C50 grade. The different 
cementitious combination of the mixes used for this 
study is given below.

	 I.	 C50-OPC 100%
	II.	 C50-OPC + 50%GGBFS
	III.	 C50-OPC + 70% GGBFS

The mix designs are designed in SSD (saturated sur-
face dry) conditions for each cementitious combina-
tion. Mix designs are displayed in Table 5 with the yield 
calculations to ensure that concrete is designed for 1 
m3. Herein, air content in the mix is calculated accord-
ing to ACI 211.1 (Dixon et al. 1991), which is 2% when 
the maximum aggregate size is 20 mm. The yield of the 
mix may be slightly kept higher. However, in reality, 
the air content would be less than the designed value; 
hence, the yield would be around 1.02 m3.

The quantity of admixture in the latter mixes is sub-
ject to a tolerance of ± 1.5 kg/m3 due to ambient condi-
tions and the presence of moisture in the fine aggregate.

Mixing procedure
A total of 45 cube moulds per trial mix of size 150 
mm × 150 mm × 150 mm are arranged to make cube 
specimens. Upon the completion of the entire trial, 
i.e., 9 trials, a total of 405 concrete cubes were cast. It 
was observed that the concrete had achieved final set-
ting within a period of 17–20 h after casting. Conse-
quently, the demoulding of the cubes was carried out 
within this specific timeframe. The cubes were stored 
within the laboratory for a duration of 22 h subsequent 
to their casting, after which they were deemed suit-
able for transportation to a third-party laboratory for 
the purpose of conducting tests. During the transpor-
tation process, gunny bags were utilized to cover the 
concrete cubes in order to mitigate moisture loss. The 
cube specimens were made in accordance with the BS 
EN 12390–2 (11). Figure  4 depicts the activity versus 
time graph to understand the timeline of sampling until 
testing.

The 27 cubes were subjected to the standard water cur-
ing regime specified by BS EN 12390–2 (British Stand-
ards 2019). The temperature of the water used for curing 
in the tank was adjusted to 20 °C. Within the set of 27 
cubes, there are 9 cubes designated for each of the three 
age groups: 7 days, 14 days, and 28 days, respectively. 
These cubes are specifically allocated for the purpose 
of conducting compressive strength tests in accordance 

with BS EN 12390–3 (British Standards  2019). The 
schematic flow of the complete trial mix procedure is 
depicted below.

Isothermal calorimetry
The isothermal calorimetry test was conducted to 
study the hydration of cementitious. The relationship 
between accelerated oven-cured strength and concrete 
subjected to water curing at different ages has been 
well studied in this project. A calorimetry test was per-
formed on accelerated oven-cured mixes to monitor 
the hydration kinetics. The isothermal calorimeter has 
to be placed in an environment with a constant temper-
ature, typically a high-precision thermostat, in order 
to accurately measure heat. It is crucial to verify the 
accuracy of the thermostat’s temperature setting. The 
calorimetry tests have several applications, the deter-
mination of heat of hydration, estimating the activation 
energy, cement admixture interactions, etc. ().

Accelerated oven curing procedure
The remaining 18 cubes were subjected to oven curing 
in two distinct thermostatically controlled electric dry-
ing ovens, with each oven accommodating 9 cubes. The 
drying oven was calibrated and can conduct a heat up 
to a range from 20 to 250 °C.

The Canadian precast/prestressed concrete Institute 
endorses a curing temperature range of 60 to 70 oC 
for high-performance precast concrete (TECHNICAL 
GUIDE. (n.d.)). Although there is a relatively small dif-
ference in the effectiveness of curing within this range, 
an optimum curing temperature of 50 °C has been 
selected, with a maximum permissible temperature of 
70 °C.

The ovens were set to different target temperatures, 
50 °C and 70 °C, and the oven curing was restricted to 
24 ± 0.5 h. In the experiment involving specimens with a 
target curing temperature of 50 °C, the cubes were ini-
tially cured at a temperature of 30 °C for a duration of 2 
h. Subsequently, the curing temperature was raised to 50 
°C for the remaining duration of the oven curing process. 
Whereas, in the case of a 70 °C oven curing setup, the 
specimens were initially cured at a temperature of 30ºC 
for a duration of 2 h. Subsequently, the temperature was 
raised to 50ºC and maintained for 1 h. Finally, the speci-
mens were subjected to the desired curing temperature 
of 70ºC for the remaining curing period, which lasted 
for 24 ± 0.5 h. The temperature time flow for 50ºC was 
depicted below in Fig. 5. The time–temperature relation 
was similar to the 70ºC Curing regime except tempera-
ture progression style as stated in previously.
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Following the removal of the cubes from the oven, a 
designated cooling period of approximately 4 to 5 h was 
observed, and the cubes were subjected to compressive 
testing of concrete as per BS EN 12390–3 (British Stand-
ards 2019). The results of compressive strength of cubes 
are reported separately for cubes cured at different accel-
erated oven curing regimes, that is, 50 °C and 70 °C.

Results
The three mixes with fourth-generation high-range PC 
admixture with a solid content of more than 35% are 
used for high workability for pumping. Initially, ele-
vated pumping pressures are necessary to overcome 
the frictional resistance between the concrete and the 
pump tube. Once this initial resistance is mitigated and 
a smooth interface is established, the required pumping 
pressure can be reduced. A sustained decrease in pump-
ing pressure relative to the initial value signifies satisfac-
tory flowability characteristics of the high-performance 

Fig. 4  Schematic flow of trial mix from beginning to end

Fig. 5  Time–temperature flow of experiment for 50 °C
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concrete (HPC) mix containing the slag. Hence, the 
target slump of 200 ± 40 mm for better workability due 
to high GGBFS replacement, and the maximum target 
temperature is 35 °C (Institute and ACI 305.1 Specifica-
tion for hot weather concreting [Internet]. 2014). The 
higher slump was proposed the cube specimens were 
made in accordance with the BS EN 12390–2 (Brit-
ish Standards  2019). It was observed that the concrete 
had achieved final setting within a period of 17–20 h 
after casting. Subsequently, the aforementioned curing 
regimes of the specimens, conduction calorimetry, and 
compressive strength test were conducted. The results 
have been elaborated below.

Conduction calorimetry
The heat flow of the OPC + GGBFS mixes is presented 
below. For 50 °C, the highest first peak was for OPC, 
lower for 50% GGBFS, and the lowest for 70% GGBFS 

cement replacement. It was noticeable that for the high-
est cement replacement, the first peak was delayed. For 
50% OPC replacement, delay was not noticed (Fig. 6).

For 70 °C, the highest first peak was for OPC, lower 
for 50% GGBFS, and the lowest 70% for GGBFS cement 
replacement. For both 50% and 70% OPC replacement 
with GGBFS, the first peak was slightly delayed com-
pared with 100% OPC (Fig. 7).

Morphology by scanning electron microscopy (SEM)
The morphology of cement paste was examined using 
scanning electron microscopy (SEM) in back-scattered 
electron (BSE) imaging mode. The cement combina-
tions for all three mixes were cured at two different 
temperatures: 50ºC and 70ºC. The curing lasted for 24 
h in a sealed environment to prevent drying out, which 
is typical in accelerated oven curing. After curing, 
hydration stoppage is performed as recommended in 

Fig. 6  Calorimetry graph at50 °C

Fig. 7  Calorimetry graph at70 °C
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RILEM TC-238 (Snellings et al. 2018 Dec 13) by solvent 
exchange, then the samples were impregnated with 
epoxy resin, subsequently polished and coated with 
a conductive carbon layer, and analyzed in the SEM. 
The images of all the oven-cured cement combinations 
are shown below. The main goal of this analysis was to 

determine if high-temperature curing causes noticeable 
changes at the microstructural level (Figs.  8, 9,10, 11, 
12, and 13).

In the C50 full OPC mix, it is clear that the cement par-
ticles are mostly rounded with sizes between 10 and 20 
µm, which is the usual range for cement grain size. There 

Fig. 8  SEM image of C50 OPC mix at 50 ºC

Fig. 9  SEM image of C50 OPC + 50% GGBFS mix at 50 ºC

Fig. 10  SEM image of C50 OPC + 70% GGBFS mix at 50 ºC

Fig. 11  SEM image of C50 OPC + 70% GGBFS mix at 50 ºC

Fig. 12  SEM image of C50 OPC + 50% GGBFS mix at 70 ºC

Fig. 13  SEM image of C50 OPC + 70% GGBFS mix at 70 ºC
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are some polished areas with visible relief, especially in 
high-slag mixes. This is likely due to the more brittle 
nature of slag-rich hydration products. This phenom-
enon is common and does not affect the interpretation of 
the microstructure. Porosity seems to increase when the 
curing temperature rises from 50 to 70ºC (Xu et al. 2023 
Oct). Irregular shapes seen on the otherwise rounded 
CEM I particles in Fig. 9 may be due to minor impurities 
in the cement.

In contrast, mixes that include slag show a decrease 
in porosity compared to pure CEM I mixes. This dem-
onstrates the positive effect of using supplementary 
cementitious materials (SCMs) like fly ash and GGBFS 
to lessen the negative impacts of heat curing. This likely 
results from ongoing pozzolanic reactions that help 
densify the matrix, even at higher temperatures.

In the C50 OPC + 50% GGBFS mix, which has more 
slag than the C50 OPC + 30% GGBFS mix, Fig.  11 
shows a denser matrix with angular slag particles 
clearly visible above the cement particles. The average 
size of GGBFS particles is smaller than 10 µm (Divsholi 
et  al. 2014 Jun 20). These angular shapes are also less 
resistant to polishing, which can create minor surface 
artifacts.

Microcracks are faintly visible in pastes cured at 70ºC, 
likely due to drying out from the evaporation of physically 
bound water in C–S–H pores. AFm phases appear as 
small plate-like crystals embedded in the dense C–S–H 
matrix in all BSE images. These are among the hydration 
products that contribute to overall matrix densification. 
While these plate-like structures may look needle-like in 
cross-section, they should not be confused with ettring-
ite, which is truly acicular-shaped. AFm phases are better 

classified as platelets (Taylor and Cement chemistry. T. 
Telford 1998; Winter 2012).

In the C50 OPC + 70% GGBFS mix cured at 70ºC, the 
microstructure shows fewer visible crystalline phases, 
likely due to the high reactivity of slag at elevated tem-
peratures. The microstructure appears to have a higher 
proportion of amorphous C–S–H and fewer distinct CH 
crystals, indicating strong pozzolanic activity and signifi-
cant use of portlandite.” As expected in high-slag mixes, 
the amount of calcium hydroxide (CH) is low.

This study did not perform elemental mapping using 
energy ispersive X-ray spectroscopy (EDX). SEM along 
with EDX would provide a more thorough microstruc-
tural characterization, particularly in identifying the 
spatial distribution of clinker phases, slag, and hydration 
products.

Compressive strength results
The main aim of this study was to find the relation 
between accelerated oven-cured specimens and water-
cured specimens for establishing a prediction model. In 
order to establish a prediction model, monitoring of the 
compressive strength of specimens was inexorable.

Cube specimens have undergone the accelerated oven 
curing regimes, and cubes cured under the water curing 
regime as per BS EN 12390–2 (British Standards (2019)). 
The cubes cured under water curing have been tested for 
different ages, that is, 7 days,14 days, and 28 days.

A comparison has been made between the compressive 
strength of average accelerated oven-cured 4 specimens 
at 23 h from casting and 28-day water-cured specimens 
(see Figs. 14 and 15). This was done by creating two bar 
graphs to analyze the trend of strength gain for each 
mix at two different curing temperatures. The two bar 

Fig. 14  Comparison between 28 days compressive strength versus accelerated oven cured strength at 50 °C (mix A—C50 OPC, mix B—C50-OPC + 
50%GGBFS, and mix C—C50-OPC + 70%GGBFS)
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graphs are depicted below. All mixes, regardless of OPC 
replacement, achieved 68 ± 8 MPa after 28 days of curing 
in ambient temperature (see Figs. 14 and 15). Concretes 
with OPC replacement with GGBFS had slightly higher 
compressive strength compared with OPC when cured 
at 50 °C (Fig. 14). The same trend follows for accelerated 
curing at 70 °C; however, there was not much difference 
in the compressive strength between 50 and 70% cement 
replacement. The difference between the percentage 
strength gain attained by accelerated curing regimes and 
curing in standard conditions was higher for samples 
subjected to accelerated curing at 50 °C and smaller for 
samples subjected to accelerated curing at 70 °C and was 
noticed as shown in Table 6.

Discussion
The discussion of our results has been divided into two 
main sections. In the first part, we emphasize the hydra-
tion kinetics in different curing regimes based on the iso-
thermal calorimetry, whereas the second part focuses on 
the prediction of actual compressive strength from accel-
erated cured concrete strength results.

a	 . The isothermal calorimetry was conducted on all 
mixes at two distinct temperatures, namely 50° and 
70°. It was noticed that the heat flow rate is higher 
in the full OPC mix, and as the slag content of the 
mix is getting higher, the heat flow also decreases. It 
is clearly depicted in Figs. 3 and 4. That is the main 
reason for mass concrete in order to reduce the 
core temperature of the structural element, with the 
higher cement replacement with SCMs being rec-
ommended. The GGBFS hydrates at a slower rate 
than OPC, which produces a lower temperature rise 
(CIRIA (2007).

b	 After the initial reaction, there is an induction period, 
which is otherwise called the dormant period. The 
gypsum in cement is used to prevent flash set. It is 
usually added 3–5% with respect to seasonal changes, 
and retarders are used to prolong the setting time. 
Hence, the induction period of GGBFS mixes is 
higher than that of OPC mixes. The induction period 
would also be higher in mixes containing retarders.

	 Acceleratory period where you can notice a spike 
indicating C3S and C2S hydration. Here comes the 
deceleratory period where hydration slows down; in 
our case, it is happening after 10 h in the GGBFS mix 

Fig. 15  Comparison between 28-day compressive strength versus accelerated oven cured strength at 70 °C (mix A—C50 OPC, mix B—C50-OPC + 
50%GGBFS, and mix C—C50-OPC + 70%GGBFS)

Table 6  Strength gain analysis

Mixes % of average strength gain in 28 days from50ºC cured 
specimen

% of average strength gain 
in 28 days from70ºC cured 
specimen

C50-OPC 33.9 29.5

C50-OPC + 50%GGBFS 32.7 21.1

C50-OPC + 70% GGBFS 27.5 19.5
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at 50°. However, at elevated temperatures, the hydra-
tion slows down for around 6 h for GGBFS mixes. In 
the case of OPC mixes, deceleration is almost similar, 
even though in high temperatures, sudden decelera-
tion is observed. The deceleration period in cement 
hydration is a complex process influenced by mineral 
composition, temperature, and its water-to-cement 
ratio. C3S hydrates rapidly initially, leading to acceler-
ation, but it slows down as water decreases and prod-
ucts accumulate. C2S hydrates more slowly and con-
tributes to later-age strength. Elevated temperature 
accelerates initial C3S hydration but can also decrease 
product solubility, leading to pronounced decel-
eration. Lower temperatures slow down both accel-
eration and deceleration. GGBFS can delay initial 
hydration and accelerate C2S hydration at elevated 
temperatures. OPC, primarily C3S and C2S, experi-
ences rapid initial hydration followed by deceleration. 
Elevated temperatures can cause sudden deceleration 
due to increased product solubility (Qi et al. 2021 Feb 
1)

	 In the next phase, gypsum started to deplete and 
forms monosulphate. The Ettringite (Aft) is the one 
which converts to monosulphate (Linderoth et  al. 
2021). This phase is called sulphate depletion phase.

c	 The prediction graph is constructed using the com-
pressive strength test data mentioned earlier in order 
to estimate the 28-day compressive strength of mixes 
A, B, and C. This estimation is based on the compres-
sive strength results obtained from accelerated oven-
cured samples that were subjected to two differ-
ent curing temperatures. The developed prediction 
model is established as the main goal of this study, 
and it is noticed that an average strength difference 
between accelerated oven-cured specimens cured 
at 70° and cubes° tested at 28 days is around 21% for 
mix B, whereas for mix C, it is 19.53%. This number 
is quite high in mix A, which is 35%.

	 The prediction graph is established and displayed 
below and can be used for predicting the 28-day 
compressive strength of concrete from accelerated 
oven-cured compressive strength results. In the pre-
diction graph, the target strength is calculated as 59.8 
MPa (Guide to evaluation of strength test results of 
concrete 2011). The average strength gain in 28 days 
is analyzed from accelerated oven-cured specimens 
compressive strength is tabulated in Table  6. The 
trend of this strength is clearly visible in Fig. 16.

Fig. 16  Compressive strength prediction graph
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Limitation of the analysis
The scope of this study was limited to a single grade with 
two different compositions of GGBFS under two distinct 
temperatures only. In order to validate the developed 
model, future research should investigate the acceler-
ated oven curing at 70 °C for all grades of concrete with 
GGBFS compositions ranging from 35 to 70%.

Conclusion
This study is set out to predict the 28-day compressive 
strength of high slag concrete by establishing the acceler-
ated curing regimes. The findings of this investigation are 
delineated in the subsequent sections.

•	 For analyzed temperatures and levels of OPC 
replacement with GGBFS, the prediction graph 
shows the evident correlation between the accel-
erated oven-cured compressive strength and the 
28-day compressive strength. By examining the 
accelerated strength achieved at two distinct tem-
peratures, it is possible to anticipate the compres-
sive strength of concrete at 28 days.

•	 This study has identified that a curing tempera-
ture of 70 °C is closer to the 28-day compressive 
strength. In other words, the percentage of aver-
age strength gained in 28 days from 70 °C cured 
specimens across all mix types amounts to merely 
23.33%, whereas the average strength gained in 28 
days from 50ºC cured specimens is 31.42%.

•	 The mix of OPC + 70%GGBFS tends to achieve 
greater strength gain in 70 °C curing temperature, 
and average strength gained in 28 days from 70ºC 
is comparatively lower that is 19.53%. Hence, oven 
curing temperature of 70 °C can be considered as 
regarded as the closest accelerated curing tempera-
ture for high slag concrete.

•	 This study observes that the induction period for 
mix C is higher than that of other mixes. However, 
in the acceleratory period, higher heat release is 
observed on mix A, which is 9.8 mW/g for speci-
mens cured at 50 °C and 23.2 mW/g for specimens 
cured at 70 °C.

Future research should look into a broader range of 
curing profiles beyond the constant 70 °C condition. This 
includes changes in temperature, duration, and possible 
use of stepped or cyclic curing methods. These studies 
could help find the most effective and practical curing 
methods for specific engineering needs and concrete per-
formance goals.

Moreover, more studies are necessary to assess the 
impact of accelerated oven curing with different lev-
els of ground granulated blast furnace slag (GGBFS) 

replacement, especially between 35 and 95%. This will 
help identify the best mix that balances early strength 
with long-term durability under accelerated curing 
conditions.

A thorough microstructural analysis of the concrete 
exposed to elevated-temperature curing is also crucial. 
Techniques like scanning electron microscopy (SEM) 
with EDX for elemental mapping, X-ray diffraction 
(XRD), and the nitrogen adsorption method should be 
used to evaluate how high-temperature curing affects 
hydration products, porosity, and the stability of the 
cement matrix.

Finally, testing specific to performance, such as shrink-
age, creep, sulfate resistance, and chloride permeability, 
should be conducted to understand how the accelerated 
curing method affects durability and long-term service 
life of concrete, particularly in high-performance or pre-
cast concrete applications.
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