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ABSTRACT

Ground granulated blast furnace slag, which shows cementitious behavior (latent hydraulic activity) and
pozzolanic characteristics (reaction with lime), has been widely used as a mineral admixture in normal
and high strength concretes. Hydration of slag-blended cement is much more complex than that of
ordinary Portland cement because of the mutual interactions between the cement hydration and the slag
reaction. This paper presents a kinetic hydration model for cement-slag blends. The proposed model ana-
lyzes the slag reaction separate from cement hydration by considering the production of calcium hydrox-
ide in cement hydration and its consumption in slag reactions. The amount of free water and the amount
of calcium hydroxide left in the system were adopted as the control indicators for determining the slag
reaction. Using the proposed model, the reaction ratio of slag can be evaluated as a function of curing age,
considering the influences of the water to binder ratio, the slag replacement ratio and the curing temper-
ature. Furthermore, the amount of chemically-bound water (self-cementing properties), calcium hydrox-
ide (pozzolanic capabilities), and the heat released from hydration are evaluated by determining the
contributions from both the cement hydration and the slag reaction. The evaluated results show good

accordance with the experimental results.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Ground granulated blast furnace slag (GGBFS) is a glassy, gran-
ular material consisting of silicates, aluminosilicate of calcium and
other oxides. Ground granulated blast furnace slag shows both
cementitious behavior (latent hydraulic activity) and some pozzo-
lanic characteristics (reaction with lime) as well. It has long been
used as a mineral admixture to produce and improve the durability
of high strength, high performance concrete. In addition, economic
and ecologic benefits in the form of energy-saving and resource-
conserving properties can be achieved by using slag-blended ce-
ment [1,2].

Experimental and practical studies on the influence of slag on
concrete’s durability and mechanical properties are abundant. Shi
and Day [3] and Song et al. [4] reported that the initial pH value
of the activator solution plays an important role in dissolving the
slag and in promoting the early formation of some hydration prod-
ucts. Wang and Scrivener [5] reported that regardless of the activa-
tor used, the main hydration products of alkali-activated slag are
calcium silicate hydrates with low C/S ratios, and Chen and Brouw-
ers [6] proposed a reaction model for alkali-activated slag. Stoichi-
ometric reaction models have been developed in order to correlate
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the mineral composition of slag with the hydration products. Using
the proposed models, it is possible to determine the quantities of
the hydration products and the composition of the calcium silicate
hydrate (C-S-H).

Compared with alkali-activated slag, the slag-blended cement
hydration process is more complex, due to the coexistence of
cement hydration and slag reaction. Based on the experimental re-
sults of reaction stoichiometries among supplementary cementing
materials (SCM), chemical bound water and calcium hydroxide,
Papadakis [7], Papadakis and Tsimas [8], and Papadakis et al.
[9,10] proposed a chemical-based steady-state model which was
able to estimate the final material values, such as porosity, chem-
ically-bound water and calcium hydroxide content, while hydrat-
ing the supplementary cementing materials (SCM) of blended
cement. The influence of mineral admixture on the durability prop-
erties, such as chloride attack and carbonation, and on the strength
characteristics were also described quantitatively. However, on the
construction site, workers and designers are interested in not only
the final properties of slag-blended concrete, but also the evolu-
tion of the properties over time. Contrasting to Papadakis’ chemi-
cal-based steady-state model [7-10], some kinetic models [11-
20] were proposed to evaluate the development of properties of
blended concrete. Schindler and Folliard [11] proposed a general
kinetic hydration model that could predict the heat evolution of
cementitious materials. This proposed model incorporated the
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effects of cement mineral composition, cement fineness, supple-
mentary cementing materials, mixture proportions, and concrete
properties. De Schutter and Taerwe [12,13] and De Schutter [14-
16] proposed a kinetic hydration model valid both for Portland ce-
ment and blast furnace slag cement in which the heat evolution of
blast furnace slag cement was obtained through the superposition
of the heat productions for the Portland reaction (P reaction) and a
slag reaction (S reaction). Furthermore, Schutter evaluated the evo-
lution of the mechanical properties of young concrete with respect
to the degrees of hydration and the risk of thermal cracking in the
hardening concrete. However, it should be noticed that Schutter’s
model does not explicitly consider the interactions between the ce-
ment hydration and the reaction of mineral admixtures, such as
the producing of calcium hydroxide by cement hydration and the
consumption by slag reaction. Hyun [17] and Tomosawa et al.
[18] proposed a kinetic model of slag-blended cement hydration
in order to evaluate the early-age temperature rise and the evolu-
tion of thermal stress inside a mass of concrete. In this model, the
residual concentration of water and calcium hydroxide was used as
parameters for indicating the rate decline toward the reaction end
point. The influence of temperature on cement hydration is ana-
lyzed using Arrhenius’s law [18]. Maekawa et al. [19] proposed a
general hydration model (DuCOM) incorporating fly ash and slag,
whose reactions were treated separately from those of ordinary
Portland cement, with some of the interactions being taken into ac-
count in terms of the free water content and the calcium hydroxide
concentration. Most recently, Di Luzio and Cusatis [20,21] pro-
posed a hydrothermal chemical model for high performance con-
crete. The Pozzolanic reaction of silica fumes was modeled using
a kinetic equation similar to that used for cement hydration.
Based on the review of current literature [7-21], it is obvious
that the reaction ratio of mineral admixtures plays a critical role
in evaluating both the early-age properties [11-20], such as tem-
perature increase and thermal cracks, and the durability of blended
concrete [19,20], as measured by porosity and the amount of cal-
cium hydroxide, both of which are related to the carbonation of
concrete. The reaction ratio of slag is related to its physical and
chemical characteristics, its mixing proportions, and its curing con-
ditions. In this study, based on a similar idea proposed by Maekawa
et al. [19], a kinetic hydration model was used to evaluate the reac-
tion ratio of slag, considering the mutual interactions between ce-
ment hydration and slag reaction. The amount of free water and
calcium hydroxide left in the system were adopted as the control
indicators for the slag reaction. By applying the proposed model,
the reaction ratio of slag was evaluated as a function of the curing
age, taking into account the influence of the water to binder ratio,
the slag replacement ratio and the curing temperature. Further-
more, the amount of chemically-bound water (self-cementing
properties), calcium hydroxide (pozzolanic capabilities), and the
released heat of hydration were determined by evaluating the con-
tributions from both the cement hydration and the slag reaction.

2. Hydration model of ordinary Portland cement
2.1. Hydration model assumptions

In our hydration model we considered the hydration reaction of
Portland cement in terms of the influence of the water to cement
ratio, the cement particle size distribution, the cement mineral
components and the curing temperature. The assumptions of this
model are summarized as follows:

1. Cement particles are randomly cast in a representative unit cell
space, as shown in Fig. 1. As proposed by Navi and Pignat [22],
the length of the edge of the representative unit cell is 100 pm.

Fig. 1. Cement particles randomly distributed in the cell space.

Our simulation assumed the amount of chemically-bound
water for each cement component, C3S, (S, C3A, and C4AF,
was the same as those proposed by Park et al. [23].

. The degree of hydration of the cement components is the ratio

of the volume of reacted cement components to the volume of
initial cement components. The degree of hydration of cement
paste can be regarded as a weighted sum of the cement parti-
cles and the mineral components, as shown in Fig. 2.

. The liquid phase, which was assumed to be water, diffuses

through a hydrate layer, reaches the surface of the cement par-
ticle and chemically reacts with the cement. The hydrate
formed by hydration adheres spherically to the cement
particles.

. The particle size distribution of the cement was approximated

using the Rosin-Rammler function [23].

/\

Fig. 2. Schematic of the multi-component hydration model.
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2.2. Hydration mechanisms

Park’s model [23] showed an improved performance by incor-
porating the size distribution of cement particles and the compo-
nents of the cement minerals, including CsS, C,S, C3A and C4AF.
The basic hydration equation for each mineral composition in the
cement particles can be described by Eq. (1), which was originally
used by Tomosawa [24] to describe the hydration of a single ce-
ment particle. This model is expressed as a single equation com-
posed of four rate determining coefficients which consider the
rate of formation and the destruction of the initial impermeable
layer, the activated chemical reaction process and the subsequent
diffusion-controlled process:
ded.  3Cun 1 )

- . v — =
dt (v + waeg)rhp; (é*ﬁ*") *Di;(l 7#)3 +t<1 7@;)3
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where oci denotes the degree of hydration for the mineral compo-
nents in a given cement particle, i is the mineral component, j is
the number of cement particles, ; is the stoichiometric ratio show-
ing the mass of water to the mass of mineral components, wg, is the
physically-bound water that is equal to approximately 15% of the
mass of the reacted cement, p; is the density of the anhydrate ce-
ment mineral component, k, is the reaction coefficient in the dor-
mant period, r{) is the radius of the anhydrate cement particles,
D; is the effective diffusion coefficient of water in the hydration
product for each mineral component, k,; is the coefficient of the
reaction rate for each mineral component, and C,,., is the abun-
dance concentration of water at the outer region of the gel. Further-
more, kq is assumed to be a function of the degree of hydration
during the initial reaction period and is expressed by:

_ B i)
kq <“{:)]_5+C<r0 rt) : (2)

where B and C are the reaction coefficients.

The effective diffusion coefficient of water is affected by the tor-
tuosity and the radius of the hydrate gel pore. This phenomenon
can be expressed as a function of the degree of hydration and is de-
scribed by:

De,' = De,»o In (;j]) . (3)

The influence of temperature on cement hydration can be ana-
lyzed using Arrhenius’s law [18] as follows:

B = By exp <fﬂ] (% - 2%)) 4)
1 1

Dei = Deizo €Xp <*ﬁzi (T - @)) , (5)

kr,' = kriZO exp (—% (% — 21@>> 5 (6)

where B,q, Deizo, and k;i»q are the values of B, D,; and k;; at 293 K,
respectively, and pi, p2; and E;/R are the activation energies of B,
D.; and k;;, respectively. The activation energies of each compound
were obtained from cement hydration experiments performed un-
der different curing temperatures.

When the cement was mixed with water, the hydration of each
of the mineral components occurs according to the model de-
scribed in the previous section. The degree of cement hydration
can be calculated as follows:

j=n~<—~i=4

B it ocf:g,-gj

=L )
I e

where g; is the mass fraction of each mineral component, gj is the
mass fraction of the individual particles in the cement, and n is
the total number of cement particles in a cell space. As shown in
Eq. (7), the different hydration reactions do not consume the same
amount of water; therefore, the computation of the total consumed
water should be a weighted average of the consumed water for each
elementary reaction.

2.3. Water withdrawal mechanism

During the hydration period, at a certain point in time after the
initial setting time, due to the increasing interconnections among
the cement particles, the contact area between a cement particle
and the surrounding water will decrease, resulting in a slower
hydration rate. Powers [25] proposed that the water present in
the paste can be classified into evaporable and non-evaporable
fractions. The former represents the capillary and gel waters that
partially reside within the hydration product. The non-evaporable
water is defined as the bound water that has chemically reacted
with the cement. During the hydration process, only the capillary
water contributes to further hydration, during which it will be con-
sumed, and the relative hydration rate will decrease. Under sealed-
curing conditions, when the water to cement ratio is less than 0.38,
due to the limited supply of capillary water, cement hydration can-
not be completed [25]. In this condition, the chemically-bound
water mass is approximately equal to 23% of the reacted cement
mass, and the gel water mass is equal to approximately 15% of
the reacted cement mass.

Considering these two aforementioned factors, proposed
by Park et al. [23] and Maruyama [26], we modified Eq. (1) as
follows:

do] L d ( free surface \ capillary water ®.1)
dt | — dt \total surface Wo ’ '
Capillary water = wq — 0.38Ceq, (8.2)

where wy is the water mass, Ceg is the cement mass in the mixing
proportions, and ®=03 -+ % considers the decrease in the avail-
. B f f j
able capillary vyater for cement hydration. The term (e Ssﬁ;'rgccee) rep-
resents the ratio between the free surface area (the area in contact
with the water) and the total surface area, which can be determined

using the method proposed in [22].

3. Hydration model for slag-blended cement

3.1. Calcium hydroxide (CH) and capillary water amounts during the
hydration process

As proposed by Papadakis [7], Papadakis and Tsimas [8], and
Papadakis et al. [9,10], during the hydration period the chemical
reactions of the mineral components in Portland cement can be ex-
pressed as follows:

2G5S + 6H — C3S,H; + 3CH, 9.1)
2C,S + 4H — C3S,H; + CH, (9.2)
C3A + CSH, + 10H — C4ASH;5, (9.3)
C4AF + 2CH + 10H — CgAFHy,. (9.4)

It is possible to determine the mass per unit volume for each
hydration product of Portland cement, such as calcium hydroxide
and C-S-H, using the aforementioned hydration model and Egs.
(9.1)-(9.4), in conjunction with:

CH = 74.1Ceq(1.5g 3,035 + 0.58 3025 — 28 caapctar); (10.1)
CSH = 342.1Ceq(1.5g3,0c3s + 0.58250lc2s)- (10.2)
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Ground granulated blast furnace slag often contains more than
95% glass, while some minor crystalline phases may exist. Only the
glass part of the slag has latent hydraulic properties, as the crystal-
line phases remain intact during hydration [5]. The main crystal-
line phases in slag are merwinite (C3MS;) and melilite, the latter
of which is a solid solution of gehlenite (C;AS) and akermanite
phases (C;MS,). Many XRD studies have shown that the principal
hydration products of slag are similar to those of pure Portland ce-
ment [2], but the quantities of CH found by this or other methods
are in varying degrees lower than those which would be given by
the Portland cement if the slag took no part in the reaction. When
a higher percentage of slag is used, the CH content may pass
through a maximum level and then decrease [2]. In addition, the
retained water in the slag hydration products is higher than that
in Portland cement. To achieve a high degree of slag hydration, a
larger initial water/binder ratio is optimal [7].

Maekawa et al. [19] conducted a systematic investigation of the
hydration, microstructure formation and mass transport of both
Portland concrete and blended concrete. Based on this analysis of
the experimental results of the chemically-bound water amounts,
the adiabatic temperature rise tests, and the temperature measure-
ments of small quasi-adiabatic blocks, Maekawa et al. [19] pro-
posed that the reaction of slag can be roughly described by the
following approximate key values:

Chemically-bound water
Gel water
Calcium hydroxide

0.30 g/g reacted slag
0.15 g/g reacted slag
0.22 g/g reacted slag

Based on the hydration model and the stoichiometry of the slag
reaction proposed by Maekawa et al. [19], the amounts of calcium
hydroxide, chemically-bound water and capillary water present
during the hydration period can be determined as follows:
CH =74.1Ceo(1.58 3,035 + 0.58 250lcas — 2gc4afocc4,,f)
— 0.227014155P,
Capillary water = wy — 0.38Cegor — 0.3701g1sP
— 0.15y0gass P,
Chemically-bound water = 0.23Ceqct + 0.370%ja55P.

(11.1)

In Egs. (11.1)-(11.3), y represents the glass portion of slag, tgjass
is the reacted degree of the active (glass) portion of the slag, yogiass
is the reacted ratio of slag including both the glass and crystalline
phases, and P is the slag mass in the mixing proportion. As shown
in Eq. (11.1), the evolution of the calcium hydroxide mass is depen-
dent on two factors, the production of calcium hydroxide from the
hydration of the Portland cement and its consumption during the
slag reaction. Eq. (11.2) shows the amount of capillary water con-
sumed by both cement hydration and slag reaction. Eq. (11.3) indi-
cates that both Portland cement hydration and the slag reaction
contribute to the amount of chemically-bound water.

3.2. The simulation of the slag reaction in cement-slag blends

The addition of slag has both physical and chemical effects on
cement hydration. The physical aspects include delay and nucle-
ation effects, and the chemical aspect results in reaction activity,
such as self-cementing properties and pozzolanic capabilities. As
introduced by Gutteridge and Dalziei [27], slag may affect the
chemical composition of the pore solution and may delay the
length of the dormant period. However, this delay can be partly
compensated for by the nucleation effect. The slag particles can
serve as nucleic sites for the cement particles, leading to the chem-
ical activation of cement hydration. In fact, as proposed by Paine

et al. [28], in the hydration process of cement-slag blends, the
influences of delay and acceleration effects on heat evolution are
not significant and, for practical purposes, can be ignored. There-
fore, the physical effects were not considered in this paper, but will
be addressed in future research. In contrast to the physical effects,
the reaction activity of slag has a dominant effect on the properties
of slag—concrete. This paper focuses on the simulation of the reac-
tion activity in slag-blended cement hydration. In addition to the
physical and chemical effects, when cement is partially replaced
by the same quantity of slag, the amount of cement will decrease
and the water to cement ratio will increase. This effect can be con-
sidered using the cement hydration model, shown as Eq. (8).

The proposed model is founded on the mechanistic similarities
in the cement hydration and slag reactions. The first of these is that
the cements reacting with water and the glass phase of the slag
both possess self-cementing properties and pozzolanic capabilities.
The cement hydration process includes an initial dormant period, a
phase-boundary reaction period and a diffusion period. In the late
stages of cement hydration, diffusion becomes the controlling pro-
cess. Some researchers have argued that the reaction of mineral
admixtures is a diffusion-controlled process [29]. The second
mechanistic similarity is based on analyses of SEM micrographs
of Portland cement paste, slag-cement paste and fly ash-cement
paste, as researchers [7-10,30] have reported that the cement
hydration product adheres to the surface of the cement particles,
and that the reaction products of the fly ash or slag adhered to
the surfaces of the remaining fly ash or slag particles. Furthermore,
small-sized cement particles have a high reactivity to water and
show almost no initial dormant period, whereas large-sized ce-
ment particles did show initial dormant periods [23]. Similarly, sil-
ica fume, a highly pozzolanic cement replacement material,
showed only a short initial dormant period, similar to that of a
small cement particle. Slag also showed an initial dormant period
[12-16], due to the fact that slag activation occurs predominantly
in the breaking down of its glass phase. The pH value required to
dissolve slag is approximately 11.5 or higher [4]. However, there
also exist some differences between the cement hydration and slag
reactions. Cement hydration will produce calcium hydroxide,
whereas the slag reaction will consume it. As proposed by Saeki
and Monteiro [31], the hydration rate of the mineral admixtures
depends on the amount of calcium hydroxide in the hydrating
blends and the relative reaction stage of the mineral admixture.
Thus, it is possible to derive an equation describing the process
from cement hydration to slag reaction by considering both the
similarities and differences between the two reactions.

In our simulation, we assumed that the slag reaction was di-
vided into three processes: an initial dormant period, a phase-
boundary reaction process and a diffusion process. Based on the
method proposed by Saeki and Monteiro [31], the reaction equa-
tion of the active (glass) portion in slag can be written as:

dotglass  Meu(t) capillary water 3
dt - P Wo Vst rSLOpSL
1 T T ] ES Y 1 =27 (1 2.1 )
(% - ﬁ) + ﬁ (] - ‘“glass) 3+ Krst (1 - O‘glass) 3
B,
deL = iﬁ + CSL(OCglass)g-, (122)
aglass
1
Dest = Desio In < >., (12.3)
glass

where mcy(t) represents the calcium hydroxide mass in a unit vol-
ume of hydrating cement-slag blend and can be obtained from Eq.
(11.1), Pis the slag mass in the mixing proportion, capillary water is
the mass of capillary water and can be obtained from Eq. (11.2), vs;
is the stoichiometry ratio of the mass of CH to the mass of slag, rs;o
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is the radius of the slag particle, ps; is the slag density, kqs; is the
reaction rate coefficient in the dormant period with the coefficients
of Bs; and Cg;, Des;o is the initial diffusion coefficient, and k,s; is the
reaction rate coefficient. The influence of temperature on hydration
was considered using Arrhenius’s law as follows:

Bsi = Bsiz0 €Xp <—ﬁ15L (% - 21@) > ; (13)
Csi. = Csiz0 €Xp <—ﬁm<%—ﬁ>>, (14)
Desto = Dest2o0 €Xp <*/335L <% - 2%) > ; (15)
kis. = kisia0 €XP <— % (% - 2%)) , (16)

where Bg;50, Csi20, Desi20, and k;s;20 are the values of Bg;, Cs, Des; and
kst at 293 K, respectively, and s, Basi, S3st and Es; /R are the acti-
vation energies of Bs;, Cs;, Des; and k,s;, respectively. The activation
energy of the slag reactions in cement-slag blends can be deter-
mined using hydration experiments performed on cement-slag
blends for different curing temperatures.

The released heat of the hydrating blends is due to the released
heat from the Portland cement hydration and the released heat
from the slag reactions. The total released heat is expressed as:
%%:Ceo *Zg,.H,-LO;‘+P*H5L*d°‘g“*(;7St*V, (17)
where the first term represents the Portland cement hydration and
the second term is the slag reaction, and H; and Hg; are the specific
heat generation contents of the individual components [19]. The va-
lue of Hs; was proposed as 110 kcal/kg, and the specific heat gener-
ation content of slag was set by comparing the analytical results
with the experimental data [19].

The porosity of the hydrating blends was reduced due to the
Portland cement hydration and the slag reaction during the hydra-
tion period. As proposed by Papadakis [7], Papadakis and Tsimas
[8], and Papadakis et al. [9,10], porosity can be determined as:

e="0_ Ag, - Ag, (18)
Pw
where Agy, is the porosity reduction due to the hydration of Portland
cement, which can be obtained from the amount of chemically-
bound water consumed during the hydration of the Portland ce-
ment, Ag, is the porosity reduction due to the slag reaction and
can be obtained from the amount of chemically-bound water con-
sumed in the slag reaction.

4. Results and discussion

4.1. The degree of mineral component hydration in ordinary Portland
cement

In this section, we describe the process in which the experimen-
tal results for the degree of hydration for ordinary Portland cement
were used to calibrate the coefficients of our hydration model [32].
The water to cement ratio was 0.5 and the curing temperatures
were 283 K, 293 K and 313 K. The hydration degree of the mineral

components was measured at 1, 3, 7, 28, 91, 190 and 365 days.
Powder X-ray diffraction/Rietveld analysis was used to measure
the degrees of hydration of the cement mineral components. By a
regression of the experimental results, the reaction coefficients of
the multi-component hydration model were obtained and are
listed in Table 1.

Fig. 3 shows a comparison between the experiment results and
the calculated results. Because the reaction rates of C3S and C3A
were much quicker than those of C,S and C4AF, the hydrations of
C3S and C3A reached a steady state much earlier than did those
of C,S and C4AF. Most of the C3A and CsS reacted in the first
1000 h. As shown in Fig. 3, the calculated results agreed overall
with the experimental results. Using the degrees of hydration of
the individual mineral components, the global degree of hydration
was obtained using Eq. (7). Using Eqs. (10.1) and (10.2), the masses
of calcium hydroxide and C-S-H in a unit volume during the
hydration period were able to be obtained. In Figs. 4 and 5, the
masses of calcium hydroxide and C-S-H are shown as a function
of the degree of hydration. It is obvious that the CH and C-S-H
masses were almost linearly dependent on the hydration degree.
By measuring the amounts of calcium hydroxide and combined
water, Saeki and Monteiro [31] also found that the CH content lin-
early depended on the degree of hydration.

4.2. The hydration of slag-blended cement

In this section, we describe the experimental results of the
hydration of cement-slag blends [33], are adopted to calibrate
and validate the proposed hydration model. The chemical compo-
sitions of Portland cement and slag are shown in Tables 2 and 3,
respectively. Pastes of slag-blended cements with 30% and 50%
slag and water to solids ratios of 0.5 and 0.35 were hydrated at
30°C and 50 °C for up to six months. The glass fraction of slag
was 0.97. After curing periods of 3, 7, 14, 28, 90 and 180 days,
the percentage of reacted slag, and the amounts of chemically-
bound water and calcium hydroxide were determined.

4.2.1. The percentage of reacted slag

The percentage of reacted slag was estimated using a selective
dissolution method based on the extraction of the constitutes other
than the unreacted slag with a reagent based on ethylene diamine
tetraacetic acid (EDTA). Based on the reacted slag ratios at different
curing temperatures, the reaction coefficients of Eq. (12)
were determined. (As Bs;=1e—9 cm/h, Cs;=0.004 cm/h, Desio=
5.846e—9 cm?/h and kg = 7.081e—6 cm/h, respectively, at 30 °C.
The activation energies of Bs;, Cs;, kisi and Des;o were 10, 800,
6500 and 4000, respectively.) The evolution of the reacted slag ra-
tio is shown as a function of hydration time in Fig. 6. As seen in this
figure, the calibration results were in accordance with the experi-
mental results.

Subsequently, the influences of curing temperature, water to
binder ratio and slag replacement ratio on the reaction ratio of slag
were considered. First, we increased the curing temperature of the
cement-slag paste from 30 °C (results shown in Fig. 6a, c and e) to
50 °C (results shown in Fig. 6b, d, and f); the reactivity of slag also
increased. Second, increasing the water to binder ratio from 0.35
(results shown in Fig. 6¢c and d) to 0.5 (results shown in Fig. 6e

Table 1

Hydration coefficients of the proposed model.
B C Kic3s krcas Krc3a Krcaar Dec3so Dec3a0 Decaso Decaao
2E-9 1.5E15 2.422E-5 1.815E-7 1.985E-6 3.759E-7 6.328E—-10 9.568E—-8 6.328E-10 9.568E—8
B B En Eau L;;“! Bacss B2cza Bacas Bacaar
89 6000 3500 7000 3000 3500 4500 3500 4500
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and f) resulted in more available space in which the hydration
product could form, hence a corresponding increase in slag reactiv-
ity. Third, the slag replacement level was reduced from 50% (re-
sults shown in Fig. 6¢c and d) to 30% (results shown in Fig. 6a and
b), resulting in a greater alkaline activating effect for the cement,
which also caused an increase in slag reactivity.

Generally speaking, a model should include calibration part and
validation part. In this paper, the calibration of parameters is based
on the degree of reaction of mineral compositions of cement and
reaction ratio of slag. The evolution of properties of slag-blended
concrete can be evaluated by considering the contributions from
both the hydration of cement and the reaction of slag. The evalua-
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Fig. 5. Calculated C-S-H amount as a function of degree of hydration.

tion of properties of slag-blended concrete is the validation part.
The calibration and validation processes of the hydration model
parameters were as follows.

Initially, based on the experimental results of the degree of
reaction of the mineral components in Portland cement using dif-
ferent curing temperatures, the parameters related to the reaction
rate of each of the mineral components were calibrated, and these
parameters are shown in Table 1. In this process, a predictor-cor-
rector algorithm was adopted in order to confirm the values of the
coefficients [17]. This algorithm consisted of two steps: first, the
prediction step calculated a rough approximation of the desired
quantity; second, the corrector step refined the initial approxima-
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Table 2
Mineral compositions of the Portland cement.
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Mineral composition (mass%)

Blaine (cm?/g)

tion through other means. Using the parameters, the degrees of
hydration of Portland cement with different mineral components
and particle size distributions can be evaluated as a function of
curing age [17,26]. Furthermore, the development of early-age
mechanical behaviors can be evaluated [17,23].

Moreover, in the hydrating cement-slag blends, two reactions,
the hydration of cement and the reaction of slag, coexist. The con-
tribution of Portland cement hydration can be evaluated using the
parameters obtained from the first step. Based on the experimental
results pertaining to the reaction ratio of slag at different curing
temperatures and the predictor-corrector algorithm, the parame-
ters relating to the slag reaction were able to be calibrated. The
fit parameters for slag depend on its physical and chemical charac-
teristics and do not change in the various mix proportions.

CsS G,S CA C4AF C5,H
OPC 70.5 12.0 3.5 10.5 2.5 3765
Table 3
Chemical compositions of the slag.
Chemical composition (mass%) Blaine (cm?/g)
SiO, Al,03 Fe,05 Cao MgO SO3
Slag 353 114 1.7 33.9 13.8 0.0 3400
a o0s
045 J
2 04t 1
w 0.35¢ B
K | - J
2 03 o T
® 025t o §
c e -
S 0.2 _~ O experiment| -
& 015! /Z — simulation | |
@ A
0.1t W/IS=0.35 1
30% slag
0.05 ;ﬁ curing temp.=303K
0 1 1 L 1 1 1 I 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
time(hours)
C os
0451 1
o 04+ 1
3 035} y
06 - —_— [u]
° 0.3 T 1
® 025} T ]
.E 0.2r /D/ 0 expetiment|
§ 015t m/b simulation | |
= 01t W/S=0.35 J
é 50% slag
0.05 curing temp.=303K | 1
00 500 1000 1500 2000 2500 3000 3500 4000 4500
time(hours)
e 05
045¢ J
04r 1
o o
2 035} o — "
S I T |
.2 03 T
® 025+ /:/ .
S 02 ’ O experiment | |
= s .
o /{ simulation
b 0.15¢ 1
= 01 /E W/S=0.5 J
’ 50% slag
0.05}D curing temp.=303K |1

00 500 1000 1500 2000 2500 3000 3500 4000 4500

time(hours)

b 05

045} 1
g) 04f i e _—D 1
5 035 P |
s —
o 03 el ]
B 025t y

s
S 02} / O experiment| -
"g‘ 045 /{3 —— simulation ]
]
= 01k W/S=0.35 1
30% slag
0.05 curing temp.=323K |

time(hours)

d os

045} 1
o 04t 1
2 035} 5]
2 i
o | I ]
] 0.3 o - —
® 025f - |
5 02} { o e_xperin.'nent _
§ 015l — simulation |
= ol W/S=0.35 ]

) 50% slag
0.057 curing temp.=323K | 1
0 1 L 1 1 1 L 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
time(hours)

f 05

045+ ]

0|
> 04 0
= 035 T 1
s ~
o 03} D/ 1
® 025F .
é 0.2 é O experiment| T
© 0415 ,/ —— simulation | |
T o0 W/S=0.5 ]
50% slag
0.05 }‘ curing temp.=323K

DO 500 1000 1500 2000 2500 3000 3500 4000 4500

00 500 1000 1500 2000 2500 3000 35004000 4500

time(hours)

Fig. 6. Simulated and measured reaction degrees of slag.



X.-Y. Wang et al. / Cement & Concrete Composites 32 (2010) 468-477

B 01 b@ 0.1
3 o009} 1 8 009} -
=
5 008} : S 0.08} :
o —
<007ty ] 2 0.07 ,fTE e
£ 0D o T a— o £ \
g 0.06} — o 0.06} :
=3
S 0.05 T 0.05 1
é 0.04 O experiment| | é 0.04 O experiment|
g . . . .
2 003 simulation l g 003 — simulation |
9 W/S=0.35 | b4 W/S=0.5 i
E 0.02 50% slag g 002 50% slag
= 001} curing temp.=303K | ,E: 0.01} curing temp.=303K |
00 500 1000 1500 2000 2500 3000 3500 4000 4500 OU 500 1000 1500 2000 2500 3000 3500 4000 4500
time(hours) time(hours)
Fig. 7. Simulated and measured amounts of calcium hydroxide.
a 02 b 02
[/ @
L C] G
g :?J_’ 0.2t 1 E E 0.2t o
™~ —_— m] R —
g s . ge —
s — T2 =
530.15- & o 1 z o016 ~ B ]
s E s 2 £ f
g2 i ® S o
G 0.1 O experiment| sE 041 L i 1
%.3 ‘ sin':ulation %g - e.x perlment
2 S 38 —— simulation
S8 005 W/S=0.35 { £8o00s5 WIS=0.35 ]
g 30% slag ga 30% slag
curing temp .=303K curing temp.=323K
D I I 1 L L L L L L 1 L 1 1 L 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 00 500 1000 1500 2000 2500 3000 3500 4000 4500
time(hours) time(hours)
C 025 d o0z
A G
g5 02 o £3 0.2} o
35 3£ -
So — g2 e
goo015 o 1 z o015 .
2 ~ o 2E "o
[ o © O o
5% 01iq O experiment| 'g_% 04 LH 0 experiment| -
§' 3 — simulation e ° T — simulation
= =]
c 8 005 W/S=0.35 ] c S 005 W/S=0.35 ]
Sa 50% slag g5 50% slag
curing temp.=303K curing temp.=323K
0 1 1 L L L L " 1 D " 1 i 1 1 1 1 1
0 500 100015002000 2500 3000 35004000 4500 0 500 1000 1500 2000 2500 3000 3500 4000 4500
time(hours) time(hours)
e 025 f o025
§ ‘? 0.2t . § C 0.2t -
£ _ 5E —
— — =]
Sooisf . 1 S5015 o ]
— -
2e |7 2t L/
g8 85 .0 oo
g5 01 O experiment| - g.: 0.1y experiment |
g3 —— simulation g8 [ —— simulation
23 S
£ 8 005 WiS=05 1 2% o0s WiS=05 1
2s 50% slag S5 50% slag
curing temp.=303K curing temp.=323K

time(hours)

00 500 1000 1500 2000 2500 3000 3500 4000 4500

time(hours)

Fig. 8. Simulated and measured amounts of chemically-bound water.

0D 500 1000 1500 2000 2500 3000 3500 4000 4500

475



476 X.-Y. Wang et al. / Cement & Concrete Composites 32 (2010) 468-477

a 400
350¢ 1
300 e T 1
~ 280 .
o 7
S wol /.
§ 200r 1
< 150} f'/ —— simulation 4
------- experiment
100 cement-slag paste
50 w/b=0.35,25% slag |
curing temp.=296K

0 100 200 300 400 500 600
time(hours)

b 400
3501 L mmmamn T .
300¢ o 1
4
) 250+ i 1
= 200 [/
s /
< 150+ —— simulation | |
------- experiment
100/ 1
cement-slag paste
50 w/h=0.45,25%slag | -
curing temp.=296K

0 100 200 300 400 500 600
time(hours)

Fig. 9. Simulated and measured heat production due to cement-slag paste hydration.

Finally, based on the parameters obtained in steps 1 and 2, the
properties of hydrating cement-slag blends, such as the chemi-
cally-bound water amount, the calcium hydroxide amount, and
the released heat of hydration, could be evaluated in light of the
contributions from both cement hydration and slag reaction [34-
36].

4.2.2. Calcium hydroxide amounts during the hydration period

In the experiment, the calcium hydroxide was estimated by
means of a thermal analysis using a thermo-balance. Samples of
35 mg were heated at 15 °C/min to 900 °C. The amount of calcium
hydroxide was estimated from the weight loss at 450-550 °C [33].
In the hydration of ordinary Portland cement, the mass of calcium
hydroxide will increase until a steady state is reached. In the
hydration of cement-slag blends, the evolution of the CH mass de-
pends on two factors, the Portland cement hydration that produces
CH and the reaction of slag that consumes CH. When slag replaces
cement to a high percentage, the CH content may pass through a
maximum level and then decrease. The evolution of the mass of
CH is shown as a function of the hydration time in Fig. 7, which
also shows that the calculated results were in accordance with
the experimental results.

4.2.3. Chemically-bound water amounts during the hydration period

The chemically-bound water was estimated from the ignition
loss at 950 °C Samples of 1 g were weighted with a 0.0001 preci-
sion, dried at 130 °C for one hour and then heated at 950 °C for
20 min [33]. Chemically-bound water provides a quantitative indi-
cator of the cement’s hydration. For blended cements, both the ce-
ment and slag reactions contribute to the value. By considering the
production of CH in cement hydration and the consumption of CH
in the slag reaction, the proposed hydration model was able to sep-
arate the slag reaction from cement hydration. Furthermore, the
contributions of slag and cement to chemically-bound water can
be determined. The evolution of the mass of chemically-bound
water is shown as a function of hydration time in Fig. 8, which also
shows that the calculated results correspond well with the exper-
imental results. The differences between the calculated results and
the experimental results could be attributed to the estimation of
the stoichiometry of the slag reaction and the difference in the
mineral component reaction rates of the slag [7-10].

4.2.4. The heat released during the hydration period

The proposed model was employed to determine the amount of
heat released for cement-slag blends [34]. The released heat was
measured by isothermal calorimetry. The water to binder ratios
(w/b) was 0.35 and 0.45, respectively, the slag substation rate
was 25%, and the curing temperature of the slag-cement paste

was 23 °C. In our simulation the released heat of the hydrating ce-
ment-slag blends was obtained from the sum of the individual
components. Based on the proposed hydration model, the heat
evolution was shown as a function of hydration time (Fig. 9). As
illustrated in Fig. 9, the prediction results are in general agreement
with the experimental results. The differences between the exper-
imental and simulation results could possibly be attributed to the
facts that slag’s retardation and nucleation effects on cement
hydration were not considered in the proposed model, and in the
simulation the particle size distribution of slag was simplified to
“monosize.” Smaller-sized slag particles have a much higher reac-
tivity than do medium-sized ones [35].

5. Conclusions

In this paper, two kinetic equations are employed to describe
the reactions of cement and slag, respectively. By considering the
production of calcium hydroxide in cement hydration and its con-
sumption in the slag reaction, the proposed model was able to sep-
arate the two reactions. Similar to the hydration reaction of
cement, slag activity was divided into three processes: as an initial
dormant period, a phase-boundary reaction process and a diffusion
process. The mutual interactions between the cement hydration
and slag reaction are considered through the available calcium
hydroxide amount and available capillary water amount in system.
The amounts of capillary water and calcium hydroxide left in the
system were adopted as the control indicators for determining slag
reaction. The fit parameters do not change from one mix to an-
other, and depend only on physical and chemical characteristic of
slag. Both the early-age properties and long-term durability can
be evaluated with proposed model.

By applying the proposed model, the reaction ratio of slag was
evaluated as a function of the curing age, considering the influ-
ences of the water to binder ratio, the slag replacement ratio and
the curing temperature. Through the modeling efforts, some in-
sights were gained into the reaction of cement-slag blends: the
reactivity of slag increases at higher temperatures; with an in-
crease of water to binder ratio, there is more space available for
hydration products to form, hence the reactivity of slag increases
correspondingly; with a reduction of the replacement level of slag,
the alkaline activating effect of the cement would be greater, so
that the reactivity of slag will increase.

Furthermore, based on the reaction ratio of cement and slag, the
amounts of chemically-bound water (self-cementing properties),
calcium hydroxide (pozzolanic capabilities), and the released heat
of hydration were evaluated by considering the contributions of
both cement hydration and the slag reaction.
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