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Abstract: The rise in early-age temperature concrete structures, driven by the exothermic reactions
during cement hydration, significantly increases the risk of thermal cracking. To address this issue,
the construction industry employs several strategies, including the partial substitution of cement
with ground granulated blast furnace slag (GGBS) due to its lower heat of hydration. Accurately
predicting the hydration temperature of concrete is critical for preventing thermal cracking. This
task becomes more complex, with fluctuating ambient temperatures influencing hydration kinet-
ics and heat dissipation. Previous studies often assume adiabatic or isothermal conditions, thus
overlooking the impact of ambient temperature variations. This paper presents an innovative finite
element modelling (FEM) approach to simulate the hydration temperature progression in in situ
concrete slabs, incorporating the effects of ambient temperature fluctuations. Isothermal calorimetry
curves were adjusted using the Arrhenius-based approach to express the cement hydration rate as
a function of ambient temperature. The FEM outcomes, validated with semi-adiabatic calorimetry
tests, demonstrate the model’s capability to forecast temperature development in in situ concrete
under varying ambient conditions. Additionally, the study examines the influence of partial cement
replacement with GGBS on thermal behaviour, revealing that while GGBS effectively reduces thermal
reactions at higher contents, its efficacy diminishes with rising ambient temperatures.

Keywords: ground granulated blast furnace slag; finite element modelling; isothermal calorimetry;

arrhenius equation; semi-adiabatic calorimetry

1. Introduction

The Portland cement hydration reactions lead to a significant temperature rise, par-
ticularly noticeable during mass concrete pouring. These exothermic hydration reactions
encompass a series of complex multiphase processes. The hydration process of cement
involves a series of exothermic chemical reactions between the anhydrous phases of cement
and water. The main components of cement include tricalcium silicate (Ca35iOs, Alite,
(C3S), dicalcium silicate (CaySiOy, Belite, C,S), tricalcium aluminate (CazAl,Og, Aluminate,
C3A), and tetracalcium aluminoferrite (Cap AlFeOs, Ferrite, C4AF). During hydration, these
components react with water to form various hydration products such as calcium silicate
hydrate (C-S-H), portlandite, gypsum, and ettringite [1-5]. These reactions release heat,
which increases the internal temperature of the concrete. The rate of hydration and the
amount of heat released are influenced by various factors, such as the type of cementitious
materials used, the water-to-cement ratio, and the ambient curing conditions. For instance,
a higher cement content or finer cement particles can accelerate the hydration process and
increase heat generation. Similarly, a higher curing temperature or lower water-binder
ratio can also enhance the reaction rate and result in a higher temperature rise [6,7]. The
heat generated from these reactions not only influences the hydration process but also has
significant implications for the structural integrity of the concrete, particularly in the form
of thermal cracking.
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A significant rise in temperature during hydration reactions can lead to substantial
volume changes in concrete. The concrete will expand in volume during the temperature-
rising process. The concrete begins to cool as it reaches its peak temperature, leading to
volume contraction. Mass concrete’s large volume and low thermal conductivity make
heat dissipation from the core challenging. The thermal properties of concrete, including
thermal conductivity and specific heat capacity, play a crucial role in its temperature
development. Thermal conductivity determines how efficiently heat is conducted through
the concrete, while specific heat capacity indicates the amount of heat required to raise
the temperature of the concrete by a given amount. These properties are affected by
ambient temperature, as higher curing temperatures can accelerate the hydration process,
leading to increased heat generation and faster temperature rise [8,9]. In direct contact
with the air, the outer surface of mass concrete dissipates heat more efficiently, creating
a temperature gradient from the surface to the core. This gradient results in differential
thermal contraction, generating thermal tension stress, which can lead to thermal cracking
on the concrete surface [10,11]. In addition to mass concrete, long-span concrete structures,
especially thin-slab structures, face unique challenges. Despite the reduced temperature
gradients due to efficient heat dissipation, these structures may experience significant
stresses and cracking due to constrained temperature deformation. While these structures
are less prone to internal restraint, their large spans and connections to vertical structures
limit their deformation under temperature changes, resulting in compressive and tensile
stresses during the heating and cooling phases separately. Due to the relatively lower
tensile strength of concrete compared to its compressive strength, tensile stresses arising
from constrained shrinkage are more prone to induce cracking in these structures [12-17].
Furthermore, very high hydration temperatures (over 70 °C) increase the risk of delayed
ettringite formation and associated cracking [18,19]. For instance, the delayed ettringite
formation can cause extensive cracking and even structural failure in severe cases [20,21].

Several engineering practices have been employed to mitigate thermal stresses in con-
crete and address these challenges. One such practice involves embedding water-cooling
pipes within in situ concrete to control the temperature rise, effectively reducing the in-
ternal temperature rise [22,23]. For in situ concrete beams or slabs, an infill strip, often
less than 1 m, is left to accommodate thermal expansion or contraction [13]. Furthermore,
supplementary cementitious materials like ground granulated blast furnace slag (GGBS)
and fly ash (FA) are frequently used to partially replace Portland cement, effectively lower-
ing the cement hydration rate and the resultant concrete hydration temperature [12,24-28].
Replacing a portion of cement with GGBS impacts the hydration process and temperature
development in concrete. GGBS has a lower heat of hydration compared to Portland
cement, which helps reduce the overall temperature rise and mitigates the risk of thermal
cracking. For example, Woo et al. [29] found that high-volume GGBS replacements (up
to 80%) in mass concrete reduced the adiabatic temperature rise by up to 6.8 °C and the
ultimate temperature by approximately 11 °C, further emphasising the efficacy of GGBS in
controlling hydration heat and reducing thermal cracking risks. Additionally, Xu et al. [30]
found that at 20 °C, a 40% replacement of Portland cement with GGBS reduced the cumu-
lative heat release by approximately 32% over 72 h, while a 55% replacement resulted in
a 44% reduction over the same period. The low early hydration rate of GGBS concrete is
due to its two-stage hydration process: initially, GGBS reacts with alkali hydroxide from
Portland cement, and subsequently, it reacts with calcium hydroxide produced during the
hydration of Portland cement [14,31].

To accurately evaluate the risk of thermal cracking and implement suitable preventive
measures, predicting the early-age hydration temperature of concrete is crucial. However,
forecasting the hydration temperature of in situ concrete is challenging due to the variable
on-site ambient temperatures, which influence the cement hydration rate, heat transfer,
and heat dissipation within the concrete. The ambient temperature of the construction site,
even for a short period (a day or a few days), constantly fluctuates up and down rather
than being constant. These fluctuations can modify the hydration kinetics and thermal
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properties of the concrete, leading to varying temperature profiles and thermal stresses in in
situ concrete. Consequently, it is imperative to consider the impact of ambient temperature
variations on the hydration temperature of in situ concrete.

Temperature is a critical factor in determining the rate of hydration and subsequent
temperature evolution within concrete. The correlation between the cement hydration
rate and temperature is commonly represented by the Arrhenius equation [3,4,32-34]
(as illustrated in Equation (1)). According to this equation, the cement hydration rate is
proportional to the exponential function of the temperature. As the temperature increases,
the hydration reaction accelerates, causing a rapid release of the heat of hydration. This
temperature elevation, in turn, further hastens the hydration process. As depicted in
Equation (1), it is important to note that the heat released during cement hydration does not
have a linear relationship with temperature. Instead, it follows an exponential relationship,
significantly amplifying the rate of the concrete temperature increase.

k(T) = A-exp < ;ETa > 1

where k(T) is the rate constant at temperature T, T is the temperature (K), A is the rate
constant, R is the universal gas constant = 8.314 (J/K-mol), and E, is the apparent activation
energy (J/mol).

The Arrhenius equation plays a crucial role in cement hydration, particularly in the
concept of concrete maturity. This concept, representing the combined effects of age and
temperature on concrete properties, is essential for predicting strength development [35].
The concrete equivalent age, as defined by Freiesleben Hansen and Pedersen [36], is a key
metric in this relationship:

te = Ze_E/R‘((TJrzlnls) - (Tr+2173.15)).At (2)

where te is the equivalent age of the concrete (h), T is the average temperature of the
concrete during At (°C), and T; is the reference temperature (°C).

Reinhardt et al. [37] demonstrated that the normalised heat generation rate (Equation (3))
for the same cement mix remains constant at the same hydration degree (Equation (4)),
regardless of ambient temperatures. They proposed an Arrhenius-form hydration rate
equation based on the hydration degree and concrete temperature (Equation (5)). The relia-
bility of Equation (5) as a heat source has been validated by several concrete temperature
prediction FEM models [38-40], which show strong agreement with the site measurements.

The activation energy in Equations (1) and (5) represents the minimum energy nec-
essary for chemical reactions, reflecting the temperature sensitivity of the hydration reac-
tion [41]. Several methods are available for calculating the activation energy. The ASTM
C1074 method [42], implemented via mortar strength tests or isothermal calorimetry tests,
is well established and widely used [43,44]. Additionally, the activation energy can be
determined based on the cement’s chemical composition [45].

f(o) = qi (©)
And
R @
And _E
qy (T) = f(a)-Ae! FT2735)) 5)

where qy is the cement hydration rate (W/g), T is the concrete temperature (°C), qmax(T)
is the peak hydration rate (W/g) at temperature T, f(x) is the normalised hydration heat
rate, o is the hydration degree, Q(t) is the cumulative heat of hydration (J/g), Qmax is the
ultimate hydration heat (J/g).
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Adiabatic, semi-adiabatic, and isothermal calorimetry are the primary methods used
to measure heat evolution during cement hydration. Adiabatic calorimetry minimises heat
exchange with the environment, effectively simulating temperature progression in mass
concrete [14]. Semi-adiabatic calorimetry, which allows some heat dissipation, offers a cost-
effective method for simulating in situ concrete temperature evolution [14,46]. Isothermal
calorimetry maintains constant temperatures, providing precise measurements of heat flow
and hydration kinetics [14,25,47-49].

Despite the insights from calorimetry tests, predicting in situ concrete temperature
development remains challenging due to variable ambient temperatures affecting hydration
kinetics and heat dissipation. This necessitates a comprehensive approach that accounts
for the dynamic and iterative nature of the in situ concrete temperature evolution. The
Finite Element Method (FEM) has emerged as a powerful tool for modelling intricate
heat transfer processes and predicting temperature evolution in concrete structures under
varying ambient conditions.

Several researchers have explored the potential of the Finite Element Method (FEM) in
predicting concrete temperature development. Tahersima and Tikalsky [50] used isothermal
calorimetry data directly as the heat source in their FEM model. In their field study with
ambient temperature variations of up to 20 °C, they observed a maximum discrepancy of
5 °C between the simulations and measurements. This discrepancy likely resulted from
differences in the hydration heat between the actual concrete specimens and the isothermal
calorimetry data. Tang et al. [14] noted that using isothermal calorimetry directly as a heat
source might underestimate temperature development.

Jedrzejewska et al. [32] employed hydration kinetics equations to convert isothermal
calorimetry data into actual concrete specimen data, achieving accurate temperature pre-
dictions through FEM modelling. However, their experiments were conducted under a
constant ambient temperature (20 °C), not accounting for field conditions with fluctuat-
ing temperatures.

The impact of ambient temperature on concrete temperature varies with the sample
size and monitoring point location. In large-volume concrete, the core temperature is mini-
mally influenced by external temperatures due to slow heat dissipation, making adiabatic
calorimetry a good approximation for the core’s maximum temperature increase. Con-
versely, thin concrete slabs efficiently dissipate heat from the top and bottom surfaces [12].

Huang et al. [36] simulated temperature development at various locations on concrete
bridge piers using FEM. Their parameter analyses showed that ambient temperature
fluctuations significantly affected points near the pier’s outer surface but had minimal
impact on the core. However, their assumption of adiabatic conditions for all points in the
mass concrete limited the model’s ability to quantify ambient temperature effects.

An examination of the current research underscores the complexity of accurately
forecasting temperature changes in in situ concrete, particularly when considering fluctu-
ating ambient temperatures. This challenge is paramount for maintaining the structural
integrity of in situ concrete, as the thermal expansion caused by hydration reactions, fol-
lowed by contraction, can be restricted by vertical support structures such as columns and
shear walls.

This study aims to develop a finite element model to predict the early-age temper-
ature development of a thin in situ concrete slab, emphasising the influence of ambient
temperature fluctuations. A semi-adiabatic calorimetry test was used to monitor the
temperature changes during hydration. The impact of varying ambient temperatures on
cement hydration was investigated by adjusting the isothermal calorimetry data using
the Arrhenius-based method. This time-dependent FEM model, utilising the adjusted
calorimetry data as the heat source, simulated concrete temperature changes over the first
three days.

This research also examines the effect of partially substituting Portland cement with
ground granulated blast furnace slag (GGBS) on the thermal behaviour of concrete, incor-
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porating experimental studies and FEM modelling. Semi-adiabatic calorimetry tests were
performed to validate the FEM predictions.

2. Materials and Methods
2.1. Materials and Concrete Mixes

CEM I 42.5 Portland cement, meeting the standards of BS EN 197-1:2011 [51], with
a specific surface area of 350 m? /kg, was used in this research. Ground granulated blast
furnace slag (GGBS) with a specific surface area of 425 m? /kg complied with BS EN 15167-
1:2006 [52]. Well-graded medium sand was used as the fine aggregate, featuring a particle
density of 2450 kg/m? and water absorption of 2.62%. For the coarse aggregate, 5-40 mm
graded crushed gravel was chosen, with a particle density of 2680 kg/m?3 and a water
absorption of 0.88%.

Three distinct concrete mixes were prepared, as detailed in Table 1, incorporating
varying amounts of GGBS to replace up to 70% of Portland cement to examine its effect on
reducing early-age hydration temperatures. The target 28-day strength for the CEM-only
concrete aimed to meet the C30/37 grade. To ensure proper workability, the water-binder
ratio was adjusted according to BS 8500-1:2015 [53], which specifies a slump of over 100 mm
for floor slab casting. The oxide contents of Portland cement and GGBS were measured by
X-ray fluorescence, and the results are shown in Table 2.

Table 1. Mix properties of concrete samples.

Binder Content (kg/m3)  Free Water-Binder Ratio  Sand (kg/m?) 5-40 mm Gravel (kg/m?)

0% GGBS concrete
50% GGBS concrete
70% GGBS concrete

398 0.49 690 1092
398 0.51 690 1092
398 0.51 690 1092

Table 2. Oxide Compound of cement and GGBS.

Content (%)
Oxide Compound
Portland Cement GGBS
CaO 60.79 37.85
SiO, 21.32 35.49
AlL,O3 4.06 13.76
Fe, O3 3.23 1.32
K,O 0.45 0.36
MgO 2.40 5.19
SO;3 4.57 1.72
P,0s5 147 1.45
TiO, 0.26 0.77
SrO 0.11 0.06
MnO 0.06 0.29

2.2. Semi-Adiabatic Calorimetry

Semi-adiabatic calorimetry tests were performed to simulate the temperature develop-
ment of in situ concrete slabs. CEM I 42.5 Portland cement was used as the binder, with 50%
and 70% replaced by GGBS in separate mixes to investigate the reduction in hydration heat.
Three different concrete mixes were prepared, as illustrated in Table 1. Concrete specimens,
with dimensions of 660 x 460 x 300 mm, were cast in a timber box with 100 mm thickness.
The four sides of each specimen were insulated with 20 mm thick expanded polystyrene.
The bottom surface was in direct contact with a 50 mm thick timber board, while the top
surface was exposed to air, allowing different heat dissipation rates at the top and bottom
surfaces. Figure 1a,b show photographs of the concrete curing setup and the 3D model of
the concrete mould for the semi-adiabatic calorimetry experiment, respectively.
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(b)

Figure 1. Concrete curing setup: (a) Concrete curing chamber setup; (b) Insulation setup 3D mould.

The fresh concrete specimens were cured in an environmental chamber with the
temperature maintained at 38 °C and fluctuations controlled within £5 °C to simulate the
hot summer climate of Shanghai, China. This setting reflects the typical summer conditions
for concrete structures in the region. To monitor temperature development, a type-K
thermocouple with an accuracy of £0.1 °C was embedded in the core of each specimen,
recording temperature data every 10 min for three days.
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2.3. Isothermal Calorimetry

Isothermal calorimetry was employed to directly measure the hydration heat output
rate of cementitious materials at constant temperatures for up to three days. This test
utilised a TAM Air isothermal calorimeter equipped with eight channels, each designed to
test one sample alongside an inert reference sample. To maintain isothermal conditions, the
heat generated by the mortar sample was transferred to a heat sink inside the calorimeter.
The resulting temperature gradient between the heat detector and the mortar sample
produced a voltage proportional to the heat output.

Mortar samples (10 g) were used, with binder content and water-binder ratios match-
ing those of the concrete specimens from the semi-adiabatic calorimetry test (as detailed in
Table 1) to ensure similar hydration heat generation. The key assumption in the isothermal
calorimetry test was that the heat production rate (per gram) of the mortar was equivalent
to that of the binder in the concrete specimen under identical conditions. Each sample was
placed in a 20 mL glass ampoule, and water was added to achieve the specified water-binder
ratio. The ampoules were then sealed and transferred to a calorimeter for testing.

The test was conducted at 20 °C and 38 °C, representing the typical room temperature
and summer construction conditions, respectively, to assess the impact of ambient tempera-
ture on the hydration rate. The isothermal calorimeter provided the heat output rate (W/g)
and total hydration heat (J/g). The heat output rate data were recorded every 20 s for up to
three days.

2.4. Finite Element Modelling
2.4.1. Concrete Heat Balance

The concrete temperature development was simulated using COMSOL Multiphysics.
The heat balance within the concrete, considering the internal thermal gradients and heat
exchange with the external environment, is described by a three-dimensional heat diffusion
equation based on Fourier’s heat transfer principle [38,54]:

. 827T+827T+a27T + — Cal (6)
PC " oy2 Taz2) TIT Py

where q is the cement hydration heat generation rate (W/ m3),' X, Y, and Z are spatial
coordinates; T is the concrete temperature (°C); k is the thermal conductivity of concrete
(W/m-°C); p is the density of concrete (kg/ m3); and Cp is the heat capacity of concrete
(J/kg-°Q).

2.4.2. Heat Source Definition

The temperature increase in concrete results from the hydration reactions of the
cementitious materials. The FEM model defines the overall heat source as the concrete heat
output rate (W/m3) derived from the adjusted isothermal calorimetry results (W/g) for
these materials (Table 1).

The heat output rate data obtained through isothermal calorimetry were measured at
a constant ambient temperature. To account for variable ambient temperatures, two appli-
cations of the Arrhenius equation (Equation (1)) were used to express the hydration rate of
cementitious materials: the “hydration equation method” (Equation (5)) and the “two-step
regression method”. The adjusted hydration rate curves, considering ambient temperature
variations, were used as the heat output rates in the FEM model (q in Equation (6)).

The “hydration equation method” describes the temperature sensitivity of the Portland
cement /GGBS blend via activation energy (Equation (5)). First, the activation energy was
calculated based on the isothermal calorimetry results at 20 °C and 38 °C. Linear fitting
was performed using Arrhenius equations (Equations (7) and (8)). The negative slope
of Equation (8) corresponds to the ratio of the activation energy (E) to the universal gas
constant (R). This calculation process followed the ASTM C1074 standard [42]. Second, the
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hydration degree « (Equation (4)) and normalised heat generation rate f(x) (Equation (3))
were determined from the isothermal calorimetry results.

(T) = Ac RT3 @)

qmax

And
—E

In(qpax) = R(T, + 273.15) +In(A) 8)

where qmax is the peak hydration rate of isothermal calorimetry (W/g) and T; is the test
temperature of isothermal calorimetry (°C) (20 °C and 38 °C).

The “two-step regression method” is also based on the Arrhenius approach, assuming
the cement hydration degree is proportional to the accumulated heat outputs. Initially,
a 10th-order polynomial regression analysis was conducted between the hydration heat
output rate q and accumulated heat output Q, expressing the heat output rate as a function
of hydration heat, as described in Equation (9). Next, a linear regression analysis was
conducted between the hydration heat output rate and ambient temperature to model the
hydration rate under different ambient temperature conditions. This method facilitated the
expression of the heat output rate at real-life ambient temperatures in terms of hydration
heat. The regression analyses were developed using MATLAB, and the programming
procedure flowchart is illustrated in Figure 2.

10
q(Q) =) aH" )
n=0

where the coefficient a, in the polynomial represents the factor by which the variable term
Hj, is multiplied. In the context of a tenth-degree polynomial, is determined through data
fitting procedures, ensuring that the polynomial approximates the experimental data as
closely as possible. The value and sign of influence the magnitude and direction of term
H,, thereby affecting the shape and properties of the polynomial function.

e 2
Carry out isothermal calorimetry for every mix at 20 °C and 38°C, record the heat
output rate (¢) curves, obtain the accumulated heat outputs (Q) curves by
integrating heat output rate (¢) with time (?).

<

For every curing temperature, establish curves of ¢ versus O

<

Carry out 10th-order polynomial regression analysis between the hydration heat
output rate (¢) and accumulated heat outputs (Q), get the expression of ¢ in terms
of Q at isothermal condition: ¢ = f(Q)

A

Carry out linear regression analysis between the 10th-order polynomial regression
result and ambient temperature (1), get the expression of ¢ in terms of O at ambient
temperatures: g, = g (f(0), T)

Figure 2. The “two-step regression method” (flowchart and MATLAB programming procedure).
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2.4.3. Boundary Conditions and Concrete Heat Loss

In the FEM model, the thermal convection between the surfaces of the concrete (or
insulation layer) and the surrounding air was accounted for using the convection coefficient
(h¢). Thermal convection can be expressed by the following equation:

qe = he'(Ts — Ta) (10)

where h, is the convection coefficient, which represents the heat transfer capacity between
solids and air (W/m? °C), Ts is the temperature of the surface (°C), and T, is the ambient
temperature (°C).

As depicted in Figure 1, the side and bottom surfaces of the semi-adiabatic calorimetry
specimen were not directly exposed to air. Instead, an equivalent convection coefficient (heq)
was used to represent the heat transfer through the insulation layer by Equation (11) [7,55].
The value of heq depends on the insulation layer’s properties, including its thickness and
thermal conductivity.

The thermal properties of concrete and insulation materials were determined from
the literature [10,56] and are summarised in Table 3. The top surface convection coefficient
was set to 5.6 W/m?-°C. Equivalent convection coefficients for the sides and bottom were
0.86 W/m?2.°C and 1.95 W/m? °C, respectively.

-1
1 LI P
heq = (hc +;k;> (11)

where heg is the equivalent convection coefficient (W/ m? °C), h, is the convection coefficient
between the concrete surface and air (W/m?-°C), L; represents the thickness of the i-th
insulation layer (mm), and k; is the i-th insulation layer’s thermal conductivity (W/m-°C).

Table 3. Thermal properties of the concrete and insulation layer.

Thermal Specific Heat
Conductivity Capacity
(W/m-°C) (J/kg-°C)
Concrete 17 1000
Expanded polystyrene 0.0624 1040
Plywood formwork 0.15 122

2.4.4. Mesh and Solver Configuration

The FEM model employed a swept mesh approach due to the regular rectangular
geometry of the concrete specimen. The mesh was discretised using hexahedral elements,
which are well suited for such geometries. To enhance the computational accuracy, the
“extra fine” meshing option in COMSOL Multiphysics was selected, resulting in 7540 hexa-
hedral elements. The time-dependent solver with a time step size of 0.1 h was employed to
simulate temperature development over 72 h. The FEM model’s accuracy was validated by
comparing its results with semi-adiabatic calorimetry data.

3. Results and Discussion
3.1. Semi-Adiabatic Calorimetry Results

The temperatures inside the environmental chamber, representing the ambient curing
temperatures for semi-adiabatic calorimetry, were monitored and are shown in Figure 3.
The temperature development of the semi-adiabatic concrete specimens is presented in
Figure 4.
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Figure 4. Semi-adiabatic calorimetry concrete specimen temperatures for the three different mixes.

The monitoring results indicate that partially substituting Portland cement with GGBS
significantly lowers the hydration temperature and delays the peak temperature. The 0%
GGBS specimen reached a peak temperature of 46.4 °C after 16.2 h. In contrast, the 50%
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GGBS specimen took 33.2 h to reach a peak temperature of 43.5 °C, significantly lower
than that of the cement-only mix. The 70% GGBS specimen reached a peak temperature of
45.0 °C after 19.0 h, which was only slightly lower than that of the cement-only mix. The
reduction in temperature when using GGBS instead of Portland cement is due to the slower
hydration process of GGBS, which generates less heat during the initial stages of hydration.
This leads to a lower overall temperature rise and a delayed peak temperature compared
to Portland cement. The subsequent isothermal calorimetry results further confirm this
temperature reduction effect.

These findings contrast with Schindler and Folliard’s results [24], which indicate a
positive correlation between GGBS content and temperature reduction. The discrepancy is
due to the initial temperature differences, with the 50% GGBS concrete starting at 4.2 °C
lower than the 0% GGBS concrete and 5.8 °C lower than the 70% GGBS concrete. Therefore,
the results of this semi-adiabatic calorimetry test do not indicate a clear relationship between
the GGBS content and the inhibition of the heat of hydration. Table 4 summarises the initial
temperatures (°C), time required to reach peak temperatures (h), and peak temperatures
(°C) for the three concrete mixes.

Table 4. Concrete semi-adiabatic calorimetry initial and peak temperatures.

Initial Temperature The Time Required Peak Temperature
©C) to Reach the Peak ©C)
Temperature (h)
0% GGBS concrete 26.7 16.2 46.4
50% GGBS concrete 22.5 33.2 435
70% GGBS concrete 28.3 19.0 45.0

3.2. Isothermal Calorimetry Results

The isothermal calorimetry test results, including the heat output rate (W/g) and
accumulated heat outputs (J/g), are displayed in Figures 5 and 6. A comparison of the
heat output rates for the same mix at different temperatures (20 °C and 38 °C) revealed
that increasing the curing temperature from 20 °C to 38 °C led to peak hydration rate
increases of 198.5%, 245.6%, and 239.6% for the 0% GGBS, 50% GGBS, and 70% GGBS
mixes, respectively. Simultaneously, the time required to reach these peak values decreased
by 39.7%, 63.5%, and 63.6%, respectively.

Additionally, increasing the ambient temperature significantly increased the 3-day
accumulated heat output. Specifically, the 3-day accumulated heat outputs increased by
44.1%, 94.3%, and 112.7% for the 0% GGBS, 50% GGBS, and 70% GGBS mixes, respectively.
These results indicate that GGBS concrete temperature development is more sensitive to
ambient temperature variations compared to cement-only mixes, aligning with the findings
of Wang et al. [31].

The hydration heat mitigation effect of GGBS varies at different temperatures. At
20 °C, the 3-day accumulated heat outputs were reduced by 33.9 ] /g and 51.4 ] /g when
50% and 70% Portland cement were replaced by GGBS, respectively. However, at 38 °C,
the reductions were only 6.38 J/g and 34.36 ] /g, respectively. This indicates that higher
curing temperatures weaken the thermal mitigation effect of GGBS.

The hydration rate results at 38 °C show that adding GGBS decreased the time required
to reach peak values. For the 50% GGBS mix, the peak hydration rate was 0.06 W/g higher
than that of the 0% GGBS mix, and the time to peak was reduced by 1.6 h. The 3-day
accumulated heat outputs for the 50% GGBS mix showed a slight reduction of 6.38 ] /g
compared to the 0% GGBS mix.
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Figure 6. Accumulated heat outputs of isothermal calorimetry: (a) 20 °C and (b) 38 °C.

In contrast, the 70% GGBS mix had a peak hydration rate reduced by 0.81 W/g, with
the time to peak advanced by 2.6 h compared to the 0% GGBS mix. The 3-day accumulated
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heat outputs for the 70% GGBS mix showed a significant reduction of 34.36 ] /g compared
to the 0% GGBS mix. These findings suggest that a higher GGBS content results in more
substantial reductions in the peak hydration value, time to peak hydration, and 3-day
accumulated heat outputs, consistent with Zheng et al. [25].

Table 5 summarises the peak hydration rates, the time required to reach these peak
values, and the 3-day accumulated heat outputs for the three mixes at 38 °C.

Table 5. The peak hydration rate and 3-d accumulated heat outputs of isothermal calorimetry (38 °C).

Peak Hydration Rate The Time Required 3-d Accumulated
(Wig) to Reach These Peak Heat Outputs (J/g)
Values (h)
0% GGBS 3.88 x 1073 7.3 170.77
50% GGBS 3.94 x 1073 5.7 164.44
70% GGBS 3.07 x 1073 47 136.41

3.3. FEM Modelling Results

The accuracy of the model’s heat source, specifically the expression of cement hydra-
tion heat, directly determines the accuracy of the temperature prediction results. The acti-
vation energy values calculated for the 0% GGBS, 50% GGBS, and 70% GGBS mixes (with
water-binder ratios of 0.49, 0.51, and 0.51, respectively, as per Table 1) were 46,023 ] /mol,
55,286 ] /mol, and 51,536 J/mol, respectively.

A literature review of activation energy calculations using a similar method (ASTM
C1074 [42]) shows that Aleksandra and Elzbieta [44] calculated activation energies of
41,077 J/mol and 44,011 J/mol for CEM I 42.5 R Portland cement (water-binder ratio
of 0.4). Barnett et al. [43] reported values of 54,600 J/mol and 58,800 J/mol for mixes
of “50% Portland cement + 50% GGBS” (water-binder ratio of 0.61) and “30% Portland
cement + 70% GGBS” (water-binder ratio of 0.52), respectively. While there is no direct
comparison due to differences in cement composition and water-binder ratios, these studies
indicate that the addition of GGBS increases the activation energy of cement, with a higher
GGBS content leading to a higher activation energy.

However, the calculated activation energy for the 70% GGBS mix in this study was
lower than that for the 50% GGBS mix, which contradicts the above conclusion. Several
factors may have contributed to this discrepancy. Firstly, variations in the chemical com-
position and physical properties of the cement and GGBS used in different studies can
significantly influence hydration kinetics and, consequently, activation energy calculations.
Secondly, the disparities in water-to-binder ratios across studies may play a crucial role in
modulating the hydration process and its energy requirements.

Figure 7 presents the 10th-order regression between the hydration heat output rate (q)
and accumulated heat output (Q) at 20 °C and 38 °C. Figure 7a shows that the regression
lines for the 0% GGBS mix closely match the experimental results. However, Figure 7b
and c indicate that the regression lines for the 50% GGBS and 70% GGBS mixes do not
accurately capture the “second peaks” observed in the isothermal calorimetry results
(Figures 5 and 6), especially at higher ambient temperatures (38 °C). These second peaks in
the hydration reaction of the GGBS-blended samples are due to separate hydration events
occurring at different times. To enhance the accuracy of the FEM model, further refinement
of the polynomial regression method or additional experimental data points at various
temperatures may be necessary. This could help better capture the complex hydration
behaviour of GGBS-blended concretes under different thermal conditions.
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Figure 7. 10th-order polynomial regression analyses between q and Q: (a) 0% GGBS, (b) 50% GGBS,
and (c) 70% GGBS.

A comparison between the concrete semi-adiabatic calorimetry results and the FEM
modelling results using the two methods (as described in Section 2.4) is shown in Figure 8.
The accuracies of the two methods varied for the different mixes.

For the 0% GGBS concrete (Figure 8a), the FEM results were slightly higher than the
semi-adiabatic calorimetry values after 20 h, with a maximum error of 4.2 °C occurring
at 47 h using the “two-step regression method.” The prediction results for the 50% GGBS
concrete (Figure 8b) were accurate for both methods, with a maximum error of 3.8 °C occur-
ring at 12 h using the “hydration equation method”. However, for the 70% GGBS concrete
(Figure 8c), the “two-step regression method” showed a significant error after 20 h, with a
maximum error of 7.0 °C at 45 h. This discrepancy was due to the 10th-order regression
for the 70% GGBS mix, which did not capture the second peak identified in Figure 7c.
The verified FEM results demonstrate that the adjusted isothermal calorimetry results
effectively quantify the impact of ambient temperature on the hydration process. These
results provide a theoretical foundation for utilising the FEM to predict the temperature
development in in situ concrete.

Figure 9 displays the temperature distribution diagram of the three sections parallel
to the Y-Z plane of the 0% GGBS concrete at 16 h from the FEM results. The diagram
indicates that when the Y and Z coordinates are the same, the middle slice has a higher
temperature than the slices on either side, especially near the centre. For the same slice, the
temperature gradually decreases from the centre to the edge, with the top edge having the
lowest temperature due to the lack of insulation.

The thermal profile of the specimen exhibits notable extrema. The peak temperature
is observed at the geometric centre, while the minimum temperature occurs at the upper
surface’s endpoint. This distribution pattern is attributed to the varying heat dissipation
rates across the specimen. The central region retains heat most effectively due to its
insulated position, whereas the upper surface, directly exposed to air, facilitates rapid
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heat loss. The gradual temperature transition from the core to the periphery, as depicted
in Figure 9, demonstrates the FEM model’s capability to accurately simulate the thermal
distribution within the concrete specimen, validating its effectiveness as a predictive tool
for concrete thermal behaviour.
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4. Conclusions and Future Work

The temperature rise in early-age concrete due to cement hydration heat poses a
significant risk of thermal cracking, which can compromise the structural integrity of
the concrete. Accurately predicting the concrete hydration temperature is essential for
preventing such issues. A major challenge in predicting the in situ concrete temperature
is the influence of variable ambient temperatures, which complicate the hydration rate
and temperature development of concrete. This study established a finite element model
(FEM) for predicting the temperature development of an in situ concrete slab over three
days. The actual rise in the hydration temperature and hydration heat output rate of the
concrete were determined separately using semi-adiabatic and isothermal calorimetry. The
variable ambient temperature’s impact on the cement hydration rate was quantified by
adjusting the isothermal calorimetry curves via the Arrhenius-based approach. These
adjusted hydration curves were then input into the FEM model as the internal heat source.
Ground granulated blast furnace slag (GGBS) was used to replace 50% and 70% of Portland
cement in both the experiments and FEM modelling to study its mitigating effect on the
concrete’s thermal action.

The key findings from the experimental and FEM results are summarised as follows:

1.  Semi-Adiabatic Calorimetry Results: Partial replacement of Portland cement with
GGBS significantly reduced the early-age concrete hydration temperature. However,
the temperature mitigation effect of the 70% GGBS specimens was not as effective as
that of the 50% GGBS specimens, primarily due to the higher initial temperature of
the 70% GGBS specimen by 5.8 °C compared to that of the 50% GGBS specimen.

2. Isothermal Calorimetry Results: Higher ambient temperatures promoted the hydra-
tion reactions of both cement-only and GGBS cement blended mixes. GGBS was
found to be more temperature-sensitive than Portland cement. The mitigating effect
of GGBS on the hydration heat became more pronounced with a higher GGBS content
but weakened as the ambient temperature increased.

3. FEM Modelling Results: The FEM model results for 0% and 50% GGBS concrete closely
matched the semi-adiabatic calorimetry results, with maximum errors of 4.2 °C and
3.8 °C, respectively. However, the model’s prediction accuracy decreased for the 70%
GGBS mix, with a maximum error of 7.0 °C, due to the failure to capture secondary
hydration peaks. The FEM modelling validated by semi-adiabatic calorimetry sug-
gests that the adjusted isothermal calorimetry data effectively quantify the ambient
temperature’s effect. Additionally, the FEM model successfully simulated the internal
temperature distribution within the concrete.

Future research will focus on conducting additional isothermal calorimetry tests at
various temperatures, enhancing activation energy calculations, and exploring different
mix designs to improve the FEM model’s predictive accuracy and applicability.
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Notation

T Temperature of the concrete in degrees Celsius (°C).
o Degree of hydration

Cp Specific heat capacity of concrete (J/kg-K)

o Density of concrete (kg/m?)

k Thermal conductivity of concrete (W/m-K)

q Heat generation rate of hydration (W/g).

Q Cumulative heat of hydration (J/g)

f(x) Normalised heat generation rate

k(T) Rate constant at temperature T

A Pre-exponential factor in the Arrhenius equation
Ea Apparent activation energy (J/mol)

R Constant universal gas constant (8.314 J/K-muol)

T Reference temperature (°C)
te Equivalent age of the concrete (h)
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