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Abstract. Predicting adiabatic temperature rise is essentially useful for investigating
thermal cracking potential especially in early stage of mass concrete. Existing prediction
methods and models have some problems such as constant thermal properties are mostly
utilized for predicting temperature rise. This study is aimed to develop time-dependent
models for predicting hydration degrees of cement and slag, free water amount, specific
heat, and total heat generation of concrete incorporating slag. These models are then
composed to predict the adiabatic temperature rise of mass concrete incorporating slag.
The model is able to predict adiabatic temperature rise in mass concrete with different
water to binder ratios, slag replacements, physical properties of slag, and initial
temperature conditions. The validity of the proposed model was evaluated by comparing
the model predictions with test results for adiabatic temperature rise of slag concrete. The
model simulations can be used to predict the experimentally measured data from different
sources.
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1. Introduction

Hydration of cement generates heat since it is an exothermic reaction. This generated heat dissipates rapidly
in concrete elements with relatively small dimension [1]. But, for massive concrete structures, the hydration
process causes accumulation of heat inside the structures. The difference in temperature between center
and surface of the mass concrete results in temperature gradient which leads to thermal cracking especially
at early age [2-5]. Thermal cracking results in deterioration and reduces service life of concrete structures [1].
Therefore, predicting temperature rise is beneficial for evaluating thermal cracking potential of mass
concrete.

An effective way to reduce heat in mass concrete is using Supplementary Cementitious Materials
(SCM’s) due to their lower heat generation at eatly ages [1, 2, 5]. Ground Granulated Blast Furnace Slag
(herein after referred as slag) is a SCM obtained as a by-product from steel manufacturing process. Slag
shows both latent hydraulic and pozzolanic characteristics [6]. It can react with water in a slow rate and
actively continues its pozzolanic reaction with portlandite which is produced from cement hydration. The
practice of including slag as an SCM in concrete has gained attraction due to its engineering benefits such as
low heat generation, low permeability and improvement of durability properties [7]. Slag is widely used in
massive concrete structures to reduce the heat of hydration thus minimize thermal cracking potentials [8].
Therefore, understanding about hydration degrees of the cement-slag system is essentially beneficial for
modeling thermal properties and evaluating cracking potential of mass concrete.

Hydration degree of cement is modeled in many studies since it is the governing process for prediction
of various properties of concrete [2, 6, 7]. Kolani et al. [6] developed a hydration model for cement based
on stoichiometric calculations by relating the chemical composition of the cement to that of their hydrated
products. However, it was concluded that errors in the stoichiometry of hydrated products reduced the
accuracy of this model. Wang and Lee [7] developed a kinetic model for predicting hydration degree of
cement based on production and consumption of calcium hydroxide in concrete. However, the accuracy
was limited as this model did not consider the effect of hydration of each reactive compound and influence
of chemical and physical properties of binders. Saengsoy and Tangtermsirikul [2] developed a model for
estimating hydration degree of cement by considering reactivity of each reactive compound in cement (C3A,
GsS, GoS, and C4AF). An average hydration degree can also be estimated as a weight average of the
hydration degrees of all reactive compounds in the cement. In the current study, this model is adopted to
compute time-dependent hydration degree of cement.

Hydration degree of slag in paste may be experimentally obtained by several methods such as selective
dissolution, recrystallization of slag from differential scanning calorimetry, cumulative heat evolution curves
from isothermal calorimetry, and chemical shrinkage curves [9]. Among these tests, selective dissolution
method is a comparatively simple, effective and accurate method to obtain hydration degree of slag. It is
based on a preferential chemical dissolution of all the other products except unreacted slag [9-12]. The
hydration degree can then be calculated based on the ratio between the reacted amount of slag per total
amount of slag in the paste mixture. Lumley et al. [10] observed that hydration degree of slag significantly
changes with age where at water to binder ratios (w/b) of 0.4-0.6 and 20°C, 30-55% of slag reacts in 28
days and 45-75% in 1-2 years. Escalante et al. [12] investigated hydration degree of slag by selective
dissolution method under different conditions. It was found that hydration degree of slag increases with
temperature and w/b ratio, whereas, it decreases with increasing replacement level. Previous studies cartied
out in Japan [11, 13] observed that hydration degree increases as the fineness of slag increase indicating the
importance of physical properties of the slag particles towards hydration. Analysing experimental results
from selective dissolution method from different sources could be beneficial to develop a generalized
model to quantitatively determine hydration degree of slag.

Several models have been developed to determine hydration degree of slag [6, 7, 14, 15]. Kolani et al.
[6] developed a model to quantify the hydration degree of slag in blended cement through the
measurements of portlandite content, free water content and hydration heat. Wang and Lee [7] introduced
a kinetic model to predict hydration degree of slag by considering the portlandite production by cement
hydration and its consumption by slag. These models [6, 7] did not consider the influence of chemical
compositions, and physical properties of cement and slag. Merzouki et al. [14] proposed another kinetic
model based on stoichiometry of the reaction between slag and portlandite in which chemical composition
of cement and slag, fineness, curing temperature and w/b were taken into account. However, the model
did not consider the time-dependent effect of free water and specific heat and also underestimated the
portandite for high replacements of slag. Luan et al. [15] proposed a model to predict hydration degree
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considering the role of portlandite as the activator and the Ca/Si ratio of C-S-H. Time-dependent vatiation
in total heat generation and specific heat were not considered in this model. Therefore, generalized model
for quantification of reaction degree of slag by considering all the main factors and time-dependent
variables is critical to determine the behaviour of slag in concrete.

If proper models for predicting hydration degree of cement and slag are established, investigation of
thermal properties could be done for concrete containing slag. In the case of mass concrete, adiabatic
temperature rise is vital since it is the most influential factor for thermal cracking potential [7]. Several
investigations have been done to experimentally measure adiabatic temperature rise in mass concrete
incorporating slag [8, 16]. Models have been developed for predicting temperature rise and evaluating
thermal cracking potential of mass concrete as well |7, 8, 17]. However, these models assumed constant
specific heat values in their analysis to predict temperature in concrete.

In this study, generalized model to quantify time-dependent hydration degree of slag in concrete is
proposed. The hydration degree of cement is adopted from a previous study [18] which is also time-
dependent. Then, models are proposed to predict thermal properties and adiabatic temperature rise for
mass concrete containing slag. A time-dependent model for specific heat is introduced, enabling more
accurate temperature simulation especially at eatly age of mass concrete. Specific heat is affected by the
availability of free water in the concrete. Therefore, a time-dependent model for free water content is
adopted to evaluate specific heat. The total heat generation is computed by summing up the heat liberated
from reactions of all cement compounds, and slag. Thereby, adiabatic temperature rise in the centre of
mass concrete can be computed based on the criteria that no heat loss to or gain from surrounding. If any
interaction occurs between the concrete to or from surrounding, thermal conductivity involving rate of heat
flow in concrete, heat transfer coefficients and other external effects are needed to be concerned. The
verifications are done for the adiabatic temperature model by simulating adiabatic temperature profiles
obtained from several sources of previously obtained experimental results.

2. Model Formulation

In the first part of this section, detailed explanation about the time-dependent models for predicting
hydration degrees of cement and slag is presented. It is followed by the steps of modeling the adiabatic
temperature rise in concrete containing slag. Models for hydration degree of cement, hydration degree of
slag, free water content, specific heat and total heat generation of concrete are described separately. These
models are linked to compute the adiabatic temperature rise from the Eq. (1).

ar =9 (1)
mc

where Q is the cumulative heat of hydration (kcal), m is mass of concrete (kg), c is specific heat of concrete

(kcal/kg/°C), and AT is temperature rise at the considered age (°C). The procedure for modeling adiabatic
temperature rise of concrete in this study is summarized from the flowchart shown in Fig. 1 as follows.
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Inputs: Initial temperature, Mix proportions, Necessary properties of
cement, slag, aggregates and water

Hpydration degrees of cement and slag

Total heat generation (Q)

Free water content

Specific heat (c)

Q=mcAT

Adiabatic temperature rise (AT)

Fig. 1. Step-by-step procedure to compute adiabatic temperature rise in concrete.

2.1. Model for Predicting Hydration and Average Hydration Degree of Cement

In this model, hydration of each cement compound is computed separately. The equations for predicting
the hydration degree of C3A, CsS, CoS, and C4AF are obtained from previous studies by Saengsoy and
Tangtermsirikul |2, 18]. The hydration degree which represents reaction rate is modeled as a function of
age, water to cement ratio and concrete temperature. The average hydration degree is computed as a
fraction of hydrated cement per total cement in the concrete mix. It is the summation of weighted average
of hydration rates of all reactive cement compounds at the considered age. The proposed model for
hydration degree of cement was verified and the predictions were satisfactory as previously reported in |2,
18]. Examples of simulation of average hydration degree of cement in slag-replaced concrete are shown in

Fig. 2 and Fig. 3.
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Fig. 2. Simulations of average hydration degree of cement in concrete with w/b=0.4 and slag

replacements of 50% and 75%.
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Fig. 3. Simulations of average hydration degree of cement in concrete with 50% slag replacement and
water to binder ratios of 0.4 and 0.6.

2.2. Model for Predicting Hydration Degree of Slag

The hydration degree of slag is defined as the weight fraction of already reacted slag per total slag in the
concrete mix. As mentioned earlier, this can be obtained experimentally for paste by selective dissolution
method. In this study, the main objective is to develop a time-dependent model for predicting hydration
degree of slag in concrete. Analysis of selective dissolution data done only in paste samples is considered
not possible to include the effect of fine and coarse aggregate in concrete. It is known that the presence of
aggregate enhances the degree of reaction by providing a better mixing efficiency. Therefore, the model
equation is obtained using the method of back analysis from adiabatic temperature results of slag concrete
from K. Tada et al. [16]. However, the tendencies of previously obtained results from selective dissolution
method by [10-13] are also studied to investigate the key parameters affecting the hydration degree of slag.

The key parameters of the model for predicting hydration degree of slag are age, water to binder ratio,
concrete temperature, slag replacement ratio and fineness of the slag. The hydration degree increases as the
w/b of the paste increases. Addition of water results in higher contact between slag and water which leads
to increased rate of formation of hydrated products [10]. This results in enhancing reactivity of slag.
Considering the effect of temperature, as the temperature increases, the molecules move faster and collide
more vigorously resulting in enhancing the hydration degree of slag [12]. Decrease in slag replacement
percentage results in increasing the hydration degree of slag in cement paste. This occurs due to higher
alkaline activating effect of the cement at lower concentrations of slag as previously reported in [12].
Fineness of the slag particles is another vital factor affecting the hydration degree of slag. It is reported that
as the fineness increases, the hydration degree of slag increases due to higher contact area for the reaction
to progress [13]. The model proposed in this study is based on the factors and similar tendencies with the
results reported in [9-14], however, there is still lack of test results to compare the simulated hydration
degree of slag in the case of concrete. The proposed equation for computing hydration degree of slag is
shown in Eq. (2).

Ao =axt’ xr® x Exp[d x & (t—l)]x[1+e>< Exp * (f xW/b—gxr)xT]x

slag
@

[1+hx (Fyy —3500) ] [i xT] "

lag

whete g is the hydration degree of slag in concrete at the considered age. t, t, w/b, T, and Fy,gare the
considered age (days), slag replacement ratio, water to binder ratio, initial temperature of concrete (°C) and
Blaine’s fineness (cm?2/g) of slag patticles. Coefficients a, b, ¢, d, e, f, g, h, i, j, k and h are constants
obtained from regression analysis (a=11.35, b=0.1, ¢=0.45, d=-0.088, ¢=0.018, {=1.99, g=-2.3, h=0.00017,
1=0.043, j=3.18, k=2.1). The model is capable of predicting the hydration degree within the limits of slag
replacement from 40% to 75%, water to binder ratio from 0.35 to 0.65, and slag fineness from 3500 cm?2/g
to 6000 cm?/g. Examples of hydration degree simulations of slag in concrete are shown in Fig. 4 and Fig. 5.
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The effect of slag replacement is indicated in Fig. 4 where an increase of the replacement results in
decreasing the hydration degree of slag due to lower alkaline activating effect from cement as explained
earlier. The effect of w/b is shown in Fig. 5 where an increase of w/b results in increasing the hydration
degree of slag due to increased amount of hydrated products generated.
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Fig. 4. Simulations of hydration degree of slag in concrete with w/b=0.4 and slag replacements of 50%
and 75%.
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Fig. 5. Simulations of hydration degree of slag in concrete with 50% slag replacement and water to binder
ratios of 0.4 and 0.6.

2.3. Effect of Physical Acceleration of Cement by Slag Particles

The addition of slag can affect the cement hydration process. The reduction of cement content decreases
the total heat generation in the presence of mineral admixtures [1, 4]. However, it does not proportionally
reduce the initial rate of heat evolution. This is due to the ability of the secondary fine particles to dispetse
cement particles [7, 19, 20] denoted as a kind of physical acceleration. This physical acceleration effect was
considered as an important factor in our previous studies for evaluating the effect of limestone powder and
fly ash on cement hydration [19-21].

In the case of slag, Ogawa et al. [22] indicated that slag can accelerate the hydration of CsS based on
analysis from CsS-slag system using synthesized C3S from reagents. S. Hoshino et al. [23] reported that slag
accelerates the eatly age hydration of C3S and C;A from analysis of hydration degree of cement paste using
combined X-ray diffraction and Rietveld analysis method. In this study, dispersion effect is considered to
affect hydration degree of CsS and Cs3A in cement at very early age. However, its effect on hydration
reactions at later age is insignificant. Equations for dispersion effect are proposed for acceleration of C3S

and CsA hydration, by adopting a previous study by P. Choktaweekarn [20], as shown in Eq. (3) and Eq. (4),
respectively.
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The hydration degrees of C;S and C;A are then multiplied by these 2 equations to take into account the
physical acceleration effect as shown in Eq. (5) and Eq. (6), respectively.

Qcs modified = Pc,s X Pejs )

A pmodified = Ac,a X P a ©)

where @css and Pcsa are the dispersion factors for CsS and C;A acceleration, respectively. Fo,g is Blaine’s
fineness of slag powder (cm?/g). we and wi,, are weight ratios of cement and slag per unit weight of
concrete. r is the replacement ratio of slag. 0css and dcsa are hydration degrees of C;S and CsA,
respectively. oic3smodified, %C3A,modificd ar¢ the modified hydration degrees of Cs;S and CsA, respectively and t is
the considered age in days.

2.4. Free Water Content
2.4.1. Model for predicting free water content

Water inside paste system can be classified into two main parts which are evaporable and non-evaporable
water. Free water is defined as evaporable water which is freely accessible for hydration process [18]. This
is a time dependent quantity since free water is consumed by hydration reactions of cement and slag. In
this study, simulating free water content in pastes with slag is achieved by modifying a previously developed
time-dependent model for fly ash paste system [2]. The modified equations are shown in Eq. (7), Eq. (8),
and Eq. (9).

wa (t) =wao whp (t) wgel (t) (7
a (1) g (1)
whp (t) hp c ]}.WOO + ehp,slagWuslago ]I.(;O (8)
h (t) asla (t)
ngel (t) agel ch 1Y0 + egel,slag uslag0 ﬁ (9)

Free water is computed from Eq. (7), where Wy (t), Wevo, Wanp(t), and Wi (t) are the weights of free
water (kg/m?), unit water content of the mix (kg/m?), weight of water consumed by hydration of cement
and reaction of slag (kg/m?3), and gel water content (kg/m?), respectively. Free water content in paste is
reduced due to increase of water consumed by hydrations of cement and slag as well as increase of gel
water content. The time-dependent weight of water consumed by hydrations of cement and slag can be
computed by Eq. (8). Oupc and Onpag are the ratios of minimum water to binder required to obtain
maximum reactions of cement and slag, respectively. The values of Onpc and Onpsiag are 0.21 and 0.30,
obtained from previous studies [7, 18]. Wyg(t) is defined as the weight of gel water entrapped in products
of hydration and can be calculated from Eq. (9). The equations for computing gel water in cement-slag
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system were obtained using a back analysis technique from our experimental data which is presented in
section 2.4.2. Ogc is computed as a function of water to binder ratio whereas Ogegag 1S computed as a
function of water to binder ratio and slag replacement level. Wuco, Wastag0, othy(t) and ou(t) are the initial
weight of cement (kg/m?), initial weight of slag (kg/m?), average hydration degree of cement (%) and
hydration degree of slag (%), respectively.

2.4.2. Experimental procedure

Free water content was experimentally obtained for paste incorporating slag by measuring the weight loss
upon drying the specimens at 105°C for 24£2 hours until the weight loss rate was less than 1% of the total
weight of the specimen. A total of eight paste mixtures were cast to measure free water. Water to binder
ratios of 0.25 and 0.40 were used. Slag replacements of 0%, 45%, 60%, and 75% were utilized for each
w/b. Mixture designations, w/b ratios, cement to binder ratios (¢/b) and slag to binder ratios (s/b) ate
shown in Table 1. Specimens for free water content were cast in plastic cube molds with small dimensions
of 20%X20x40mm to make sure that all free water can be removed, and were cured in a 2842°C/50-70%RH
condition until tested at 3, 7, and 28 days of age. The properties of the binders used in this experimental
procedure are shown in Table 2.

Table 1. Mix proportions for measuring free water and specific heat capacity of paste.

Mix W2580  W258545 W25S60 W25875 W40 SO W40 845 W40 S60 W40 S75

w/b 0.25 0.25 0.25 0.25 0.40 0.40 0.40 0.40
c/b 1 0.55 0.40 0.25 1 0.55 0.40 0.25
s/b 0 0.45 0.60 0.75 0 0.45 0.60 0.75

Table 2. Chemical compositions and physical properties of ordinary Portland cement type I and slag.

Binder Chemical compositions [% by weight] Blaine’s Specific Ignition
SiO;  ALO;  Fe0O3 CaO  MgO SO; fineness|cm?/g]  gravity[g/cm?]  loss[%0]
OPC 200 5.40 3.0 634 27 20 3570 3.16 2.40
Slag 335 1435 026 433 51 2.1 4330 2.89 0.96

2.4.3. Test results and model simulations

Figure 6 and Figure 7 show the experimentally obtained data and model predictions of free water to total
binder ratios of paste containing slag at water to binder ratios of 0.25, and 0.40, respectively. It can be seen
from both Fig. 6 and Fig. 7 that free water content decreases with time. A rapid decrease rate is observed
especially at the early stage of the hardening process. This is due to water consumption by hydration
reactions of cement and slag. Effect of w/b can be seen from Fig. 6 and Fig. 7 which indicate evident
results that with higher w/b, free water is higher. The effect of slag is clearly shown for both w/b cases
where free water increases when the slag substitution level is higher. Similar results were previously
reported by B. Kolani et al. [6]. This is due to lower reactivity of slag at early age when compared to
cement. However, the decreasing rate of free water is higher at later age for paste with slag. At later age,
the reaction of paste with slag increases. This is due to the activation of pozzolanic reaction of slag by
Ca(OH)2 which is the product of hydration of cement. Therefore, as hydration of slag continues at later age,
free water is reduced continuously as well.

Simulations were done from the proposed model as described earlier in this section. In order to verify
the model, comparison between the computed results and the experimentally obtained results was
conducted. The computed free water contents of pastes containing slag are shown in lines in Fig. 6 and Fig.
7, whereas the test results are illustrated in dots. It is shown that the model is able to accurately predict the
free water content of the tested paste specimens containing the tested slag.
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Fig. 7. Comparison of tested and predicted free water to total binder ratios of pastes with 0%, 45%, 60%
and 75% slag and w/b=0.40.

2.5. Specific Heat Capacity
2.5.1. Model for predicting specific heat capacity

Specific heat is a time-dependent property which is changed rapidly especially at the early age after casting
of concrete [24]. Modeling specific heat as a time-dependent variable is essentially useful for more accurate
and precise predictions of temperature profiles. As the specific heat of water is the highest among all the
constituents in concrete, specific heat of concrete is highly dependent on the free water content [19]. A
previous study reported that specific heat of concrete at a given time can be calculated based on weight
fraction of each constituent and their specific heat values [24]. This model is modified for the effect of slag
to obtain specific heat capacity of paste, mortar and concrete. The modified equation is shown in Eq. (10).

C (10)

c(t)= W, C, + W,C + Wy, (t)c, +w, (t)c, +w, + W, (t)chp

slag ~slag
where c(t) is the specific heat of concrete at the considered age t (kcal/kg/°C). w, and w; are the weight
ratios of coarse and fine aggregates per unit weight of concrete, respectively. Wey(t), Wuc(t), Wuslag(t) and
whp(t) are the weight ratios of free water, unhydrated cement, non-reacted slag, and the hydrated products,
respectively, at the considered age t. ¢, Cs, Cw, Cc, Cslag, and Chp are specific heat values of coarse aggregate,
fine aggregate, water, cement, slag, and hydrated products, respectively (kcal/kg/°C). The value of ¢ is
obtained from differential scanning calarimetry. Since all the other terms are known except the unknown
Chp, it is determined from back analysis from the test results of specific heat. The specific heat values of all
constituents in concrete are shown in Table 3.
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Table 3. Specific heat values for each constituent of concrete.

Constituents Water (cy) Cement (c.) Slag (Cslag) Fine agg. Coarse agg. Chp*
(cy) (co)

Specific heat 1.00 0.18 0.17 0.19 0.20 0.08

[kcal/kg/°C]

*Specific heat of hydrated products is obtained from back analysis
2.5.2. Experimental procedure

A total of eight mixtures were cast to obtain specific heat capacity of pastes similarly to those tested for free
water content which is shown in Table 1. The properties of binders are mentioned in Table 2. Cube
specimens with dimensions 50X50X50mm were cast and were removed 24 hours after casting. Then these
cubes were immediately wrapped firstly by a layer of plastic sheet followed by a layer of aluminum foil to
prevent moisture loss to the environment. The specimens were cured in a 284£2°C/50-70%RH condition
until tested at 3, 7, and 28 days.

Specific heat was experimentally obtained by a method based on transiently heated plane sensor using
Hot Disk Thermal Constants Analyser, model type TPS 2500S. Transient measurement technique is
appropriate for measurement of specific heat compared to steady state methods due to the rapidity of the
test duration [25, 26]. Thus, the measurement does not allow sufficient time for any moisture movement to
occur within the sample during testing. In this test, a hot disk sensor was fitted between the two pieces of
paste specimens with same mix proportions. Then the setup was covered with a sealed container to prevent
moisture movement. An electrical current was passed high enough to increase temperature of the sensor
and the resistance of the specimen was recorded simultaneously as a function of time. A Ni foil probe
which was wrapped in Kapton was used in this experiment. Theoretical details of this method have been
summarized by D.P. Bentz and Y. He [25, 26].

2.5.3. Test results and model simulations

Figure 8 and Figure 9 show the experimentally obtained data and model predictions of specific heat of
pastes containing slag with water to binder ratios of 0.25, and 0.40, respectively. It is observed for both
w/b cases that specific heat significantly decreases with time especially at eatly age. The tendency was
similar to that of the free water content since specific heat of water is the highest among all constituents in
the paste as shown in Table 3. Effect of w/b can be seen from Fig. 8 and Fig. 9, which indicate that with
higher w/b, specific heat values are higher as free contents are larger in mixtures with higher w/b. The
values of eatly age specific heat of pastes containing slag are clearly higher than that of the cement paste.
However, the specific heat of pastes containing slag continues to decrease in a higher rate when compared
to that of the cement paste. This is due to the fact that hydration kinetics of slag increases at later age by
activation of the pozzolanic reaction.

Simulations were done using the proposed model as described eatlier in this section. In order to verify
the model for specific heat, the computed specific heats were compared with the experimentally obtained
results. The computed specific heats of pastes containing slag are shown in lines in Fig. 8 and Fig. 9 while
the test results are given in dots. It is shown that the model is able to satisfactorily predict the specific heats
of the tested paste specimens containing slag.
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Fig. 8. Comparison of tested and predicted specific heat of pastes with 0%, 45%, 60% and 75% slag and
w/b=0.25.
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Fig. 9. Comparison of tested and predicted specific heat of pastes with 0%, 45%, 60% and 75% slag and
w/b=0.40.

2.6. Model for Predicting Total Heat Generation of Concrete
The hydration of cement compounds and reaction of slag generate heat which results in temperature rise in

concrete. The total heat generation is computed by including the effect of slag into a time-dependent
model obtained from previous studies [5, 20]. The modified equations are shown in Eq. (11) and Eq. (12).

Q1) =Qcs (1) + Qe,s (1) + Qe (1) + Qg e (1) + Qe ey () + Qepprer () + Qo (O (11)

Slag t
Qslag (t) = |:a100( )

:| x QSIag,max X Wslag (1 2)

Total heat generation is computed from Eq. (11) where Q(t) is the total heat generation of concrete
(keal/kg of concrete),Qcss(t), Qcas(t), Qesa(t), and Qcaar(t) are cumulative heat generation of CsS, CsS, C3A,
C4AF and slag, respectively (kcal/kg of concrete). Qesaer(t) and Qcaarer(t) ate heat generation from
ettringite and monosulphate production by C;A and C4AF reactions with gypsum, respectively (kcal/kg of
concrete). The details of the model can be found in our previous literature |2, 5, 18, 20].

Heat generation from reaction of slag is computed based on the degree of reaction and slag content in
concrete and is shown in Eq. (12). Qsug(t) is the cumulative heat generation from slag at the considered age
t (kcal/kg of concrete), Osig(t) is the reaction degree of slag (%), Qslagmax is the maximum cumulative heat
generation at completion of reaction of slag (kcal/kg of concrete), and wqy, is the mass fraction of slag in
the concrete. In this study, the maximum cumulative heat generation from slag is estimated at 150kcal/kg
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based on tendencies of heat rate in adiabatic temperature rise data obtained from K. Tada et al. [16]. Itis
slightly higher than the value proposed in a previous study [17] at 110kcal/kg.

Since the hydration degrees of cement and slag, free water content, specific heat and total heat
generation of concrete are separately modeled, the models can be linked to compute the adiabatic
temperature rise by using Eq. (1) as mentioned earlier.

3. Verifications for the Proposed Adiabatic Temperature Simulation Model

In order to validate the proposed model, verifications are carried out on concrete incorporating slag.
Experimental data are obtained from two different sources [7, 16] to check the accuracy of the described
model. Verifications for the experimental data obtained from X. Wang [7] are shown in Fig. 10 and Fig. 11.
In this previous study, investigations are done for two different initial temperatures, 20°C and 30°C.
Comparison between the adiabatic temperature of concrete incorporating 40% slag with a water to binder
ratio of 0.392 and another concrete mixture with 40% slag and water to binder ratio of 0.493 are shown in
Fig. 10 and Fig. 11, respectively. Verification for results obtained by K. Tada et al. [16] which is for
concrete incorporating 75% slag with water to binder ratios of 0.4 and 0.6 is shown in Fig. 12.

It is shown from these figures that the early age adiabatic temperature rise can be predicted with a
certain accuracy. Slightly lower predictions at early age are observed in Fig. 11. These variations of the
predictions are considered to be due to lack of consideration of effect of some certain compounds in
cement which are not taken into account in this study. These compounds can alter the early age hydration
rates of both cement and slag. Therefore, interaction of slag-cement behavior should be further
investigated for an enhanced accuracy by also taking into consideration of some minor compounds.
Moreover, the proposed model is to be further used for predicting thermal cracking of mass concrete
structures and to investigate the efficiency of slag towards minimizing thermal cracking of concrete, which
will be essentially useful for construction industry.
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Fig. 10. Comparison of tested and predicted adiabatic temperature rise for concrete with 40% slag,
w/b=0.392 and initial temperatures of 20°C and 30°C.
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Fig. 11. Comparison of tested and predicted adiabatic temperature rise for concrete with 40% slag,
w/b=0.493 and initial temperatures of 20°C and 30°C.

100
90

AAAAAAAAAAAAMLSS Adabi i
Akl p——

5
i
2
g 60 .
A -

g 50 ||~ = 1=0.75, w/b=0.4(Test)
1]
; 40 + 1=0.75, w/b=0.6(Test)
8 30 ——1=0.75, w/b=0.4(Model)
5 20
< — -r=0.75, w/b=0.6(Model)

0

0 5 10 15 20 25 30
Age(Days)

Fig. 12. Comparison of tested and predicted adiabatic temperature rise for concrete with 75% slag and
water to binder ratios of 0.4 and 0.6.

4. Conclusions

In this study, a model for predicting hydration degree and adiabatic temperature rise in mass concrete
incorporating slag is proposed. Hydration degree of cement is computed based on reactions of C3A, CsS,
CoS, and C4AF in concrete. Model for computing hydration degree of slag is proposed based on back
analysis of temperature profiles of concrete containing slag and tendencies from previous results of
selective dissolution method for slag-cement pastes. Hydration degree of slag is modeled as a function of
age, water to binder ratio, concrete temperature, slag replacement level in concrete and fineness of slag.
The physical acceleration of cement hydration by slag particles is considered by accommodating dispersion
factors for CsS and CsA hydration into the model. Experiments are conducted to obtain free water content
and specific heat of slag cement pastes. The results show that free water content significantly affects the
specific heat of slag-cement pastes. This is due to the fact that specific heat of water is the highest among
all other constituents in concrete. Based on these experiments, models are developed for computing free
water content and specific heat for slag cement paste. Model for total heat generation is developed based
on the summation of heat generated by all reactive compounds in concrete. All mentioned models in this
study are linked to simulate adiabatic temperature rise in mass concrete. The model is expected to be able
to predict adiabatic temperature rise in mass concrete with different water to binder ratios, slag replacement
levels, physical properties of slag, and initial temperature conditions. In order to validate the proposed
model, comparison between predictions from the model and test results for adiabatic temperature rise in
previously tested mixtures of slag concrete are done. The proposed model can predict the experimental
results obtained from different sources with a certain accuracy. Further enhancement of the model is to be
done.
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