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Abstract

High Slag Concrete (HSC) offers substantial benefits in terms of durability and reduced carbon footprint,
but its late strength gain delays accurate 28-day strength prediction from early strength. This study
aims to develop accelerated oven curing regimes to predict 28-day compressive strength of HSC accu-
rately. The research focuses on the fundamental question of whether the application of accelerated curing at
specific temperatures would help estimate High Slag Concrete's long-term strength. To achieve this, a series
of concrete specimens were subjected to accelerated oven curing at 50°C and 70°C. The compressive
strength development was observed and correlated with standard curing conditions. Additionally, the hydra-
tion kinetics of the cementitious paste under these elevated temperatures were examined by using the Isother-
mal calorimetry method. This research will produce a predictive model correlating accelerated curing data
with 28-day strength. The findings ofthis study will provide a reliable method for estimating the strength of

High Slag Concrete at an early age, enabling more efficient construction planning.

Keywords: Calcium Silicate Hydrate Gel (C-S-H). Calcium Hydroxide (Ca (OH),). Calcium Alumina
(Aft). Monosulphur Calcium Sulphoaluminate Hydrate (AFm). Delayed Ettringite Formation (DEF)
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1. 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 traditional concrete and it became a persistent
challenge before engineers and architects, therefore the concrete technologists , researchers, contractors etc.
were looking for alternative materials to replace Portland cement and addition without losing the prop-
erties of cement. Supplementary cementitious materials in concrete like Pulverized Fly Ash (PFA), Ground
Granulated Blast Furnace Slag (GGBFS), Silica Fume (SF), etc. were introduced and widely used from the
mid of 20th Century in the construction industry for a variety of reasons including cost-effectiveness, en-
hanced durability properties, and its lower carbon dioxide emissions.

GGBEFS is a by-product of iron production in blast furnaces and is similar to cement which has hydraulic
properties(1). Compared to OPC, GGBFS has lower embodied carbon, approx. 1/10 compared to of 79.6
Kg CO,e/tonne (2). Concrete with cement as a binder, is a fundamental building material used globally in
the construction industry, therefore replacing cement with GGBFS is considered to be one of the strategies to
decarbonise cement and concrete. It is possible to reach higher replacement rate (36%-80% (3)) at the same
time improving ability to resist aggressive agents from penetrating into concrete(4).

In the precast industry, it is extremely difficult to achieve very early age strength especially within 24 hours
from pouring for a high GGBFS concrete mix (5). The mold turnover is the main profit factor for precast
concrete industry; therefore, it is mandatory to facilitate accelerated curing method in order to achieve the de-
sired compressive strength for de-shuttering and lifting the precast elements. The higher the curing tempera-
ture, the faster the heat of hydration of the concrete (6), which is sufficient enough to produce a significant
increase in the early age strength of slag cement concrete (7).

Compressive strength is one of the most critical mechanical properties that determine the load-carrying
capacity and durability of concrete (8,9) . The strength of concrete is assessed based on 28 days results. The
reason to consider the 28 days compressive strength as a parameter is based on the maturity of the concrete.
The strength development of concrete depends on both time and temperature. The concrete strength is a func-
tion of the summation of product of time and temperature. This is called maturity of concrete.

Maturity = X (time x 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 temperature of concrete specimen is 20°C+2 (10). For instance,
A fully matured concrete cured at 180C for 28 days will be 19,4880C h, however in standard calculations,
the maturity of the fully cured concrete is taken as 19,8000C 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 mechanical property of the concrete (11). As a rapid quality control procedure
Its crucial for concrete Quality Control Engineer, to predict desired strength at 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 (12). This assures that the cube will achieve desired compressive strength in 28
days. Whereas in the case of mixes with higher percentage of GGBFS etc., the slower the early strength gain
compared to OPC due to reduced availability of CaO in (5). Nevertheless, slag cements exhibit more strength
development at later stages(13). The reduced availability of CaO in GGBFS is a key factor for slowing down
the hydration process(5) By increasing the temperature during the curing time, we can increase the early
age strength, so with increasing the GGBFS content and decreasing the embodied carbon, we might achieve
satisfactory early age strength. Nevertheless, there are no models predicting long term strength for concretes
with high GGBFS exposed to high temperature curing. Knowing the relationship between early age and
28 days compressive strength for concretes with high OPC replacement with GGBFS cured in high tem-
peratures allow precast concrete producers to optimise their production with minimising associated embodied
carbon.
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2. Literature Review:

Mixes that contain GGBFS, particularly in low ambient temperature conditions, demand an extended
period of curing in order to achieve sufficient strength development (14). Regourd states that the

determined activation energy for slag cements exhibits a higher value compared to the activation energy
of their corresponding OPC, specifically 50 and 46 J.mol-1 respectively (15). Therefore, thermal treatment is
advantageous for slag cement as it serves as an efficient source of activation energy for the hydration pro-
cess 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 hydroxide and alkali ions in the pore solution. Both the clinker
and the slag undergo reactions simultaneously, resulting 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 additional nucleation sites (16).

Enhancing the basicity of slag results in increased hydration of the slag over a specific time period.
However, higher replacement levels result in decreased slag hydration, partly due to the reduced availability
of portlandite caused by the lower cement content. For comparison, over 80% of the cement in each system
had hydrated after 7 days(17).

The degree of C,S hydration increases with the addition of slag after 1 and 3 days; however, over a longer
period, it remains comparable to that without slag addition. 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.(17)
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Fig 1. Example of graph showing degree of hydration (%) with respect to time of C3S, C28S, Slag and

Cement for CEM I, CEM III/A, CEM I1I/C Cement. [Adapted from (18)]
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The influence of slag on the hydration of C;A and C,AF is minimal, as the concentrations of Ca™" , AI’",
and SO,” ions in the liquid phase are not significantly altered by the presence of slag. However, since calci-
um aluminate 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 SO,” ions are adsorbed on the slag glass surface and incorporated into the pozzolanic re-
action, which may accelerate the reaction of aluminates (18).

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 (19).

2.1 Accelerated Curing

Accelerated curing can be conducted in various methods namely Warm Water method, Autogenous curing
method, Boiling water method (20)etc. The accelerated curing techniques used for this experiment is Oven
Curing method which is explained below.

Oven curing method is preferred due to its easiness in performing the accelerated test as no sophisticated
setup is needed because every lab will be having a thermostatically controlled oven which fair enough for
conducting accelerated test by oven curing. Moreover, it is convenient 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(21).

Furthermore, oven curing ensures uniform environmental conditions, minimising the variations in curing
outcomes and enhancing the consistency of strength prediction. This method effectively protects concrete
from external influences, ensuring unswerving quality and performance. The accelerated strength gain facili-
tated by oven curing is advantageous for construction projects demanding pressing timelines(22).

TNW Akroyd has conducted an exceptional study on oven curing method. He performed the oven curing
30 minutes after mixing the cubes and it was covered with base plate once the cube is placed inside the oven,
temperature is brought to 85°C within 1 hour, and maintained the same temperature for a period of 5 hours.
After 5 hours, the cubes are removed from the oven, stripped and allowed to cool for 30 minutes. 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 test-
ing them 29 hours after casting (23).

2.2 Effects of Accelerated Curing on Concrete

This section examines the complex mechanisms by which accelerated curing processes influences the fun-
damental 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, pro-
viding valuable insights for optimizing construction practices and achieving desired performance
outcomes.

2.2.1 Microstructure

During the accelerated curing process the elevated temperature and humidity conditions contributes to
shorten the induction period of cement hydration(24) . There is no change in the main products of hydration
like Calcium Silicate Hydrate Gel (C-S-H), Calcium Hydroxide (Ca (OH),),Calcium Alumina (AFt), and
Monosulphur Calcium Sulphoaluminate Hydrate (AFm) (25). Accelerated curing techniques change the mor-
phology, density, atomic ratio, and chain length of C-S-H gels. Under rapid increase in curing tem-
perature changes the bulk density of the ionic structure. The curing temperature affects the atomic distribution
and changes the atomic proportions (26).
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2.2.2 Delayed Ettringite Formation

Ettringite is a mineral composed of hydrous calcium aluminate sulphate, which undergoes formation with-
in concrete during the process of curing under ambient conditions. However, in situations where concrete is
exposed to high temperature curing, such as in accelerated 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 for-
mation can be delayed. When the concrete is set, it may lead to expansion and results in internal cracking this
phenomenon is called Delayed Ettringite Formation (DEF) (27). Nevertheless, prolonged periods of ele-
vated curing result in significantly decreased expansions, which align with documented chemical alterations
that may involve the formation of ettringite following heat treatment (28).

2.2.3 Compressive Strength

This parameter requires further elaboration as it is the pivotal property being analysed in this paper. The
compressive 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(29). Some of factors effecting the com-
pressive strength of a concrete specimen are noted below (30).

* Porosity

The relationship between water 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 transition zone
between the matrix and the coarse aggregate(31)

» Water Cement Ratio

Water cement ratio has direct relation on strength of concrete due to its natural behaviour of awakening of
the matrix when increasing the water cement ratio due to increase in porosity of mix whereas it behaves vice
versa when water cement ratio is lowered.

* Degree of Compaction

The strength of concrete is significantly affected by the increased energy applied during compaction. A
portion of this strength enhancement may be attributed to unhydrated cement particles being encapsulated by
thinner layers of hydrated cement. Additionally, it is plausible that high-pressure-compacted concrete derives
its strength from a combination of particulate interlocking, sintering processes, and the hydration of cement.
(31

* Temperature

The influence of temperature on concrete strength depends on time — temperature history of casting and
curing which means the three possibilities concrete cast and cured at same temperature, concrete cast at dif-
ferent temperatures but cured at a normal temperature and concrete cast at normal temperature but cured at
different temperatures.(31)

It has been claimed (32) 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% (42).
This is most likely due to the gypsum interfering with the hydration phases (C;A and C,AF) that readily form
in the presence of heat. As a result, the later hydration of slower-acting phases (C,S and C,S) does not disturb
these phases, reducing microstructural damage and enhancing long-term strength.

Many researches have conducted research on 28 days compressive strength of concrete estimation based on
early age strength. Nurse (1949) introduced steam curing, observing inconsistency due to cement composi-
tion and hydration rates. Akroyd and Smith-Gander (1956) developed the boiling method, with their modified
approach (24-hour normal curing + 33-hour boiling) which closely aligned with 28-day strengths, eliminating
the need for correlation graphs. Ordman and Bondre (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) pre-
sented the Cement and Concrete Association (C.C.A.) curve, providing a standardized and reliable framework
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for early strength predictions, especially for strengths below 28 MPa. In that Prof. Kings method of accel-
erated oven curing (Fig.2) is considered to be more accurate and easier for adoption (11,23). For instance,
accelerated oven curing strength of 42MPa has been increased to more than 65MPa at 28 days, when it is
cured under normal conditions (33). Prof. Kings cured the cubes at 93°C temperature for a period of 5 hours,
and total time spend for the accelerated curing was 7 hours only. Moreover, the aforementioned research was
carried 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 hours.

00

i
|

g

ACCILERETID STREMGTH AS MATENTAGE GF JRDATE
-

1=

e e b oo
Commant Mo 2
(= n L
Comars Mo & b
Cemeal M 3 &
Cameai Mo & §

ﬂ*— [N ] Y [5] (] o]
RCCPUPATEE ETHERGTH ) LG i

Fig.2 Prof King’s prediction curve for accelerated strength as percentage of 28 days with respect to the

accelerated strength [Adapted from (23)].

As previously stated, there exists a range of methods for forecasting the strength of concrete by employ-
ing 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 thermostatically controlled drying oven. The concrete's early strength can be significantly influenced
by the increased content of GGBFS. Consequently, it is necessary to thoroughly 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 standardised 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 control protocols. This can be accomplished by juxtapos-
ing these predictions against the concrete's real-world performance over extended periods of service life.
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The potential limitations of current predictive models 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 validating reliable predictive model that consider the unique hydra-
tion characteristics of slag and its interactions with accelerated oven curing method. Knowing this relation-
ship allows precast concrete producers to optimise their production with minimising associated embodied
carbon

3. Materials and Methods

In this section we have meticulously analysed the properties of all constituent materials i.e., OPC, GGBFS,
coarse aggregate and fine aggregate, admixture and water in order to assure that constituent materials con-
form to BS EN 206(34) . The testing of constituent materials performed based on international standard (listed
in next sections) . The Quality Control testing and properties of constituent materials are explained below in
detail.

3.1. Cement

Cements are classified into 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) (ii) Sulphate
Resistance 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 analysed in an accredited
third-party laboratory and it complies with BS EN 197-1 (35). The OPC (CEM 1) used for this study is 42.5R
grade. The chemical composition is given below in Table 1.

Table 1: Chemical Composition of CEM I (OPC) & GGBFS

CEM I Test BS EN 1971 GGBFS test | B> EN 151671
Limits Limits

Chemical Components Results (%) %) Results (%) %)
Magnesium Oxide (MgO) 32 4.9 Max.18.0
Aluminium Oxide (AI203) 3.6 13.5
Silicon Dioxide (SiO2) 20.85 34.21
Sodium Oxide (Na20) 0.18 0.16
Potassium Oxide (K20) 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 (Fe203) 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
Ca0/SiO2 Ratio 3.02 Min.2.0
Titanium Oxide (TiO2) 0.19
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Table 2. Clinker Compounds of CEM I (OPC)

Clinker Compounds CEM 1 Test Results (%)
Alite(C38) 65.1
Belite(C28S) 10.7
Aluminate(C3 A) 6.5
Ferrite(C4 AF) 5.47

The clinker compounds were calculated as per ASTM C 150 (ref) and displayed in Table 2. Furthermore,
C,A content in this cement is 6.5% which makes this cement as moderate sulphate resistance cement even
though it is marketed as OPC. The reduction of C,A 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

LSF(%)= Ca0/(2.8Si0,+1.2A1,0,+0.65F¢,0,)

SR (%)=Si0,/(Al,0;+Fe,05)

AR(%)=Al,0,/(Fe,0,)

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 C,S and C,S. Typical values for LSF is between 92%-
99%(36) .

The second parameter is Silica Ratio (SR) which is otherwise 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
parameter Alumina Ratio (AR) determines the potential relative proportions of aluminate and ferrite phase
in the clinker.AR is usually between 1 and 3 (6). The aforementioned parameters for the cement used for this
research is tabulated in Table 3.

Table 3. Cement Parameters

Lime Saturation Factor (LSF) (%) 93
Silica Ratio (SR) (%) 3.86
Alumina Ratio (AR) (%) 2

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 elevated (6). Nevertheless, there are certain dis-
advantages associated with the use of high LSF (lime saturation factor) and SR (silica ratio) 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 (CO,) emissions, which can be associated to the augmented calcium oxide (CaO) concentration in
the cement as well as an enlarged demand for fuel.

3.2 Ground Granulated Blast Furnace Slag (GGBFS)

The physical and chemical properties of GGBFS used is meticulously analysed by an accredited third-party
laboratory. The measured basicity ratios for GGBFS reactivity are tabulated in Table 4.
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Table 4. GGBFS Basicity Ratios

Chemical Components

Test Results (%)

Limits (39) (%)

P1= CaO/SiO, 1.25 >1.0
P2= (CaO+MgO)/SiO, 14 >1.0
P3= (CaO+MgO)/ (SiO,+Al,0,) 1 1.0-1.3
P4= (CaO+0.56AL,0,+1.4Mg0)/ SiO, 1.67 > 1.65
P5= CaO+MgO+Al,0, / SiO, 1.79 >1.0

3.3 Mix Proportions

A single grade of mix with three different cementitious combinations is considered for this study. The pri-

mary 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
C50-OPC 100%
C50-OPC+50%GGBFS

L
II.
III.

C50-OPC+70% GGBFS

The mix designs are designed in SSD (Saturated Surface Dry) condition for each cementitious combination.

Mix designs are displayed in Table 5 with the yield calculations to ensure that concrete is designed for 1m?

. Herein, air content in the mix is calculated according to ACI 211.1 (37) which is 2% when the maximum

aggregate size is 20mm. The yield of the mix may be slightly kept higher however in reality the air content

would be less than the designed value hence yield would be around 1.02 m’.

Table 5. Mix designs

HP 540 Theoretical
Mix OPC GGBFS| Water 10/20mm | 4/10mm| 0/4mm Air | W/C

A Density
Mix Grade| Name (Kg/m?) | (Kg/m?)| (Kg/m®) | (Kg/m?) (Kg/m?) | (Kg/m?) (%) | Ratio

(Kg/m?) (Kg/m?)
C50 OPC | Mix A | 410 - 144 778 382 800 4+1.5 2% 0.35 2510
C50-
OPC+50% Mix B | 210 210 147 771 385 771 4+1.5 2% 0.35 2490
GGBFS
C50-
OPC+70% Mix C | 129 301 151 759 380 759 4+1.5 2% 0.35 2480
GGBFS

The quantity of admixture in the latter mixes are subject to have a tolerance of +1.5 kg/m? due to ambient

conditions and presence of moisture in the fine aggregate.

R ONON
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3.4 Mixing Procedure

The cube specimens were made in accordance with the BS EN 12390-2 (10). Consequently, the demolding
of the cubes was carried out within this specific timeframe. The cubes were stored within the laboratory for a
duration of 22 hours subsequent to their casting, after which they were deemed suitable for transportation to a
third-party laboratory for the purpose of conducting tests. During the transportation process, gunny bags were
utilized to cover the concrete cubes in order to mitigate moisture loss. The Fig 3 depicts Activity Vs Time to
understand the timeline of sampling until testing.

The 27 cubes were subjected to standard water curing regime specified by BS EN 12390-2(10). The tem-
perature 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(38). The schematic flow of complete trial mix procedure is depicted below.

Activity Vs Time

55
50
45
40
35
30
25
20 g = =

Time (hrs)

Activity
Fig.3: Schematic Flow of Trial Mix from Beginning to End

3.5 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 the project. Calorimetry test was performed on accelerated oven cured mixes to monitor the
hydration kinetics. The Isothermal calorimeter has to be placed in an environment with a constant
temperature, 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 got several applications like
determination of heat of hydration, estimating the activation energy, cement admixture interactions, etc.(39).

3.6 Accelerated Oven Curing Procedure

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

The ovens were set to different target temperatures, 50°C and 70°C, and the oven curing was restricted to
2440.5 hours. In the experiment involving specimens with a target curing temperature of 50°C, the cubes
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were initially cured at a temperature of 30°C for a duration of 2 hours. Subsequently, the curing temperature
was raised to 50°C for the remaining duration of the oven curing process. Whereas in the case of 70°C oven
curing setup, the specimens were initially cured at a temperature of 30°C for a duration of 2 hours. Subse-
quently, the temperature was raised to 50°C and maintained for 1 hour. Finally, the specimens were subjected
to the desired curing temperature of 70°C for the remaining curing period, which lasted for 2440.5 hours. The
temperature time flow for 50°C was depicted below in Fig.4. The time-temperature relation was similar to the
70°C Curing regime except temperature progression style as stated in previously.

Temperature Vs Time

&0

Temperature("C)

=

10 20 30 40 50 (=10}
Time({Hrs)

Fig.4. Time- Temperature Flow of Experiment for 50°C

Following the removal of the cubes from the oven, a designated cooling period of approximately 4 to 5
hours was observed, and the cubes were subjected to compressive testing of concrete as per BS EN 12390- 3
(38). The results of compressive strength of cubes are reported separately for cubes cured at different acceler-
ated oven curing regimes that is 50°C and 70°C.

4. Results

The three mixes with fourth generation high range PC admixture with a solid content more than 35 is
used for high workability for pumping. Initially, elevated 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
pumping pressure relative to the initial value signifies satisfactory flowability characteristics of the High-
Performance Concrete (HPC) mix containing the slag. Hence the target slump of 200+40 mm for better work-
ability due to high GGBFS replacement and maximum target temperature is 35°C (40). The higher slump was
proposed the cube specimens were made in accordance with the BS EN 12390-2 (10). It was observed that
the concrete had achieved final setting within a period of 17-20 hours after casting. Subsequently the
aforementioned curing regimes of the specimens, calorimetry and compressive strength test were conducted.
The results have been elaborated below.

4.1 Conduction Calorimetry

The heat flow of the OPC + GGBFS mixes are presented below. For 50°C, the highest first peak was for
OPC, lower for 50% GGBFS and the lowest 70% GGBFS cement replacement. It was noticeable, that for
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the highest cement replacement, the first peak was delayed. For 50% OPC replacement delay was not noticed

(Fig.5).
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Fig.5. Calorimetry Graph at 50°C
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Fig.6. Calorimetry Graph at 70°C

For 70°C, the highest first peak was for OPC, lower for 50% GGBEFS and the lowest 70% GGBFS cement
replacement. For both 50% and 70% OPC replacement with GGBFS the first peak was slightly delayed com-

pared to 100% OPC (Fig.6).

4.2 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

compressive strength of specimens were inexorable.

The compressive strength of all cube specimens which has undergone the accelerated oven curing regimes

and cubes cured under water curing regime as per BS EN 12390-2 (10) were consolidated and tabulated in

Annex B and their respective few test reports are attached in Annex A. The cubes cured under water curing

has 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 spec-
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imens at 23 hours from casting and 28 days water cured specimens (See Fig.7and Fig.8). This was done by
creating two bar graphs to analyse the trend of strength gain for each mix at two different curing tempera-
tures. The two bar graphs are depicted below. All mixes, no matter on OPC replacement, achieved 68MPa+-
8 after 28 days of curing in ambient temperature (See Fig.7and Fig.8). The highest compressive strength
for concrete cubes cured in 50°C was for the highest OPC replacement with GGBFS. Concretes with OPC
replacement with GGBFS had slightly higher compressive strength compared to OPC when cured in 50°C
(Fig.7). The same trend was for curing in 70°C, however there was no difference in the compressive strength
for both 50 and 70% cement replacement. The difference between strength at accelerated curing and curing in
ambient condition was higher for curing in 50°C and smaller for curing in 70°C, and was noticed as in Table 6.
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Fig.7. Comparison between 28 days Compressive Strength Vs Accelerated Oven cured Strength at 50°C

(Mix A - C50 OPC, Mix B - C50-OPC+50%GGBFS, Mix C - C50-OPC+70%GGBFS)
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Fig.8. Comparison between 28 days Compressive Strength Vs Accelerated Oven cured Strength at 70°C

(Mix A - C50 OPC, Mix B - C50-OPC+50%GGBFS, Mix C - C50-OPC+70%GGBES)
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5.Discussion

The discussion of our results has been divided in two main sections. In the first part we emphasize on the
hydration kinetics in different curing regimes is discussed based on the Isothermal Calorimetry, while the
second part focuses on prediction of actual compressive strength from accelerated cured concrete strength re-
sults.

a. The Isothermal calorimetry was conducted on all mixes at two distinct temperatures namely 50 degrees
and 70 degrees. It was noticed that the heat flow rate is higher in full OPC mix and as the slag content of the
mix is getting higher the heat flow is also decreasing. It is clearly depicted on Figure 3 and 4. That is the
main reason in mass concrete in order to reduce the core temperature of the structural element with the higher
cement replacement with SCM’s are recommended. The GGBFS hydrates at a slower rate than OPC which
produces a lower temperature rise. (41)

b. After the initial reaction, there is an induction period which is otherwise called 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 the
OPC mixes. The induction period would be also higher in mixes containing retarders.

Acceleratory period where you can notice a spike indicating C3S and C2S hydration. Here comes the de-
celeratory period where hydration slows down, in our case its happening after 10 hours in GGBFS mix at 50
degrees However, in elevated temperature the hydration slows down for around six hours for GGBFS mixes.
In the case of OPC mixes deceleration is almost similar, even though in high temperature sudden
deceleration is observed. The deceleration period in cement hydration is a complex process influenced
by mineral composition, temperature, and its water-cement ratio. C3S hydrates rapidly initially, leading to ac-
celeration, but slows down as water decreases and products 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 deceleration. Lower temperatures slow down both acceleration
and deceleration. GGBFS can delay initial hydration and accelerate C2S hydration at elevated temperatures.
OPC, primarily C3S and C2S, experiences rapid initial hydration followed by deceleration. Elevated tempera-
tures can cause sudden deceleration due to increased product solubility. (42)

In the next phase, gypsum started to deplete and forms monosulphate. The Ettringite (Aft) is the one which
converts to monosulphate (43) . This phase is called sulphate depletion phase.

c. The prediction graph is constructed using the compressive strength test data mentioned earlier in order
to estimate the 28-day compressive strength of Mix A, B, and C. This estimation is based on the compressive
strength results obtained from accelerated oven cured samples that were subjected to two different 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 degrees and cubes
tested at 28 days is around 21% for Mix B whereas for Mix C it is 19.53%. This number is quite higher in
Mix A which is 35%.

The prediction graph is established and displayed below can be used for predicting the 28 days
compressive strength of concrete from accelerated oven cured compressive strength results. In the
prediction graph, the target strength is calculated as 59.8 MPa (44). The average Strength gain in 28 days is
analysed from accelerated oven cured specimens compressive strength is tabulated in Table 6. The trend of
this strength is clearly visible in Fig.9.
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Table 6. Strength Gain Analysis

% of A t th gain i
. % of Average Strength gain in 28 7 of Average Strength gain in
Mixes o . 28 days from 70°C Cured
days from 50°C Cured Specimen .
Specimen
C50-0PC 33.96 29.47
C50-OPC+50%GGBFS 32.75 21.01
C50-OPC+70% GGBFS 27.56 19.53
Accelerated Curing Strength Vs Actual Strength of C50 Grade
70
69
68
67
66
65
64
gg =——CEM | @ 50 Degrees
g gé ——CEM | @70 Degrees
E gg -CEM 1+50% GGBS @50 Degrees
%53 CEM 1+50% GGBS @70 Degrees
% 55 == CEM 1+70% GGBS @50 Degrees
e —— CEM 1+70% GGBS @70 Degrees
o 52
ﬂ:c; 51 w—CEM |
E 50 —CEM [+50% GGBS
0y 49
22 —CEM 1+70% GGBS
46 ——Targel Strength
45
A4
43
42
41
40
0 2B

7 14
Age of Concrete (Days)

Fig.9. Compressive Strength Prediction Graph

5. Limitation of the analysis

The scope of this study was limited to a single grade with two different composition of GGBFS under 2

distinct temperatures only. In order to validate the developed model, future research should investigate the

accelerated oven curing at 70°C for all grades of concrete with GGBFS compositions ranging from 35% to

70%.

6. Conclusion

This study is set out to predict the 28 days compressive strength of high slag concrete by establishing the

accelerated curing regimes. The findings of this investigation are delineated in the subsequent sections.

e For analysed temperatures and levels of OPC replacement with GGBFS, prediction graph shows the

evident correlation between the accelerated oven cured compressive strength and the 28 days com-

pressive strength. By examining the accelerated strength achieved at two distinct temperatures, it is possible

to anticipate the compressive strength of concrete at 28 days.

e This study has identified that curing temperature of 70 °C is closer to the 28 days compressive strength.

In other words, the percentage of average strength gained in 28 days from 70 °C cured specimens across
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all mix types amounts to merely 23.33%. Whereas average strength gained in 28 days from 50°C cured speci-
mens are 31.42%.

o 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 70°C is comparatively lower that is 19.53%. Hence Oven curing
temperature of 70 °C can be considered as regarded as the closest accelerated curing temperature for
high slag concrete.

e This study observes that induction period for Mix C is higher than that of other mixes. However, in
acceleratory period higher heat releasing is observed on Mix A which is 9.8mW/g for specimens cured at 50
degrees and 23.2mW/g for specimens cured at 70°C.

Future research should investigate the accelerated oven curing at 70 °C for all grades of concrete with
GGBFS compositions ranging from 35% to 70%. A thorough examination of the microstructure of concrete
samples cured in an oven at elevated temperatures is required to ensure that curing at high temperatures has
no negative effects on the microstructure of cementitious paste.
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