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A hydration kinetics model for Portland cement is formulated based on thermodynamics of multiphase
porous media. The mechanism of cement hydration is discussed based on literature review. The model is then
developed considering the effects of chemical composition and fineness of cement, water-cement ratio,
curing temperature and applied pressure. The ultimate degree of hydration of Portland cement is also

ﬁ%‘i’:&iﬁ analyzed and a corresponding formula is established. The model is calibrated against the experimental data
Kinetics for eight different Portland cements. Simple relations between the model parameters and cement
Portland cement composition are obtained and used to predict hydration kinetics. The model is used to reproduce
Modeling experimental results on hydration kinetics, adiabatic temperature rise, and chemical shrinkage of different

cement pastes. The comparisons between the model reproductions and the different experimental results
demonstrate the applicability of the proposed model, especially for cement hydration at elevated

Thermodynamics

temperature and high pressure.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The hydration of cement and the accompanying phenomena such
as heat generation, strength development and shrinkage are the
results of interrelated chemical, physical and mechanical processes. A
thorough understanding of theses processes is a critical prerequisite
for modeling hydration kinetics of cementitious materials.

The advances of computer technology made it possible for a branch
of computational materials science to develop rapidly in the past
twenty years, i.e., the computer modeling of hydration and micro-
structure development of concrete. Noteworthy studies include those
of Jennings and Johnson [1], Bentz and Garboczi [2], van Breugel [3],
Navi and Pignat [4], and Maekawa et al. [5]. Among these, the NIST
model, referred to as CEMHYD3D [6], and the HYMOSTRUC model [3]
appear to be the most advanced and widely used ones. These models
attempt to simulate cement hydration and microstructure formation
on the elementary level of cement particles, which is the most rational
way, as long as the chemical, physical and mechanical characteristics
of cement hydration are properly taken into account.

However, there exist certain applications for which simpler
mathematical models describing and quantifying hydration kinetics
are necessary. In fact, numerous attempts have been undertaken with
that objective and many such simplified formulations can be found in

* Corresponding author. Department of Civil Engineering and Engineering
Mechanics, Columbia University, New York, NY 10027, USA.
E-mail address: f12040@columbia.edu (F. Lin).

0008-8846/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconres.2009.01.014

the literature, e.g., Byfors [7], Knudsen [8], Freiesleben Hansen and
Pedersen [9], Basma et al. [10], Nakamura et al. [11], Cervera et al. [12],
Schindler and Folliard [13], and Bentz [14]. In contrast to the
aforementioned microscopic models, most of these simplified models
are empirical in nature, based on experimental observations of
macroscopic phenomena, and they capture the effects of curing
temperature, water-cement ratio, fineness, particle size distribution
and chemical composition of cement with different degrees of
accuracy. The range of curing temperature in these models is usually
small and does not exceed 60 °C, and none of them include the effect of
applied pressure. However, elevated temperatures and high pressures
are frequently encountered in oil wells where they must be addressed.
In this study, a hydration kinetics model is formulated based on the
thermodynamics of multiphase porous media, which was first
proposed by Ulm and Coussy [15]. The hardening cement paste is
known to be a multiphase porous material and the thermodynamics
theory of [15] is an ideal framework to model hydration kinetics.
Cervera et al. [12,16] proposed an equation to describe hydration
kinetics using this theory, but it needs to be elaborated and
reformulated to take into account the experimental observations of
cement hydration, especially curing temperature and applied hydro-
static pressure. This paper presents the theoretical formulation of a
new model. The model parameters are calibrated and related to the
chemical composition of cement through simple but explicit equa-
tions; the model is then used to predict the experimental results of
different investigators, including those on hydration kinetics, adia-
batic temperature rise, and chemical shrinkage of cement pastes.
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2. Literature survey on hydration of Portland cement

Before a mathematical model can be developed that properly
considers the various influencing factors, the known facts of Portland
cement hydration should be thoroughly surveyed. A comprehensive
study on cement hydration was conducted by van Breugel [3].
However, during the past decades, many new findings, mostly experi-
mental, regarding cement hydration have been reported. Therefore,
the most recent findings and their relevance to understand Portland
cement hydration will be addressed herein.

2.1. Influence of chemical composition of cement

The composition of cement is the most important influencing
factor of all. There exist two forms in which to describe the com-
position of cement, i.e. the oxide composition and the chemical
composition. The latter is usually determined using the compound
stoichiometries and the values of the former. The Bogue calculation
[17] is the most frequently quoted mathematical procedure among
such indirect methods and thus is used in the present study.

Experimental results show that the four major clinker phases of
cement, viz. C3S, C,S, C3A and C4AF have different reaction rates with
water [18-20]. It is well known that C5A reacts the fastest, followed by
C5S and the other two. However, whether the individual constituent
phases hydrate independently from one another or at equal fraction
rates is still not resolved [3]. Because of different reaction rates of the
clinker phases and their interactions, it is generally accepted that the
so-called degree of hydration of cement is just an overall and approxi-
mate measure. Due to the difficulty of identifying and simulating the
complicated interactions, the overall degree of hydration, denoted as
«, is still widely used [1-16] and will be employed in this study.

2.2. Influence of water-cement ratio

The water-cement ratio, ¥, also influences hydration kinetics.
Experimental results have shown that a higher water-cement ratio
leads to a higher hydration rate after the middle period of hydration,
but only has a small effect on the hydration rate in the early stage
[21,22]. The water-cement ratio also determines the ultimate degree
of hydration o,. Theoretically, a water-cement ratio of about 0.4 is
sufficient for the complete hydration of cement (i.e. o, = 1.0). In other
words, a water-cement ratio higher than 0.4 will lead to full hydration
given enough time. However, cement hydration is retarded at low
internal relative humidity, and the theoretical water-cement ratio of
about 0.4 is not sufficient for full hydration [23]. The hydration
products around the anhydrous cement particles prevent further
hydration if there is insufficient free water in the macro-pores. From
experimental observations, the relationship between the ultimate
degree of hydration «, and the water-cement ratio can be described
by a hyperbola with oy, <1.0. Mills [24] conducted a series of tests and
derived the following equation for o,

_ 1.031Y
&% = grgg 4 w=!0 (1)

This equation has been used frequently in hydration Kkinetics
modeling [13]. However, it does not consider the effects of cement
fineness and curing temperature and may underestimate the ultimate
degree of hydration in some cases.

2.3. Influence of fineness of cement

The fact that fineness of cement influences the ultimate degree of
hydration o, as well as the hydration rate has been observed in
experiments and numerical simulations [25,26]. The finer the cement
particles, the higher «, and the higher the hydration rate. However,

Bentz and Haecker [26] also found that at low water-cement ratios,
the influence of cement fineness on ¢, diminishes. A finer cement, or
cement with a larger surface area, provides a larger contact area with
water and hence causes a higher hydration rate. Also, at the same
degree of hydration, a larger surface area corresponds to a smaller
thickness of hydration products around the anhydrous cement
particles, which increases the ultimate degree of hydration. Apart
from fineness, the particle size distribution of cement also influences
the hydration rate [3,8,27,28].

2.4. Influence of curing temperature

The effects of curing temperature on hydration kinetics have been
shown to be twofold. On the one hand, the reaction rate ¢ increases
with the increase in temperature [29-31]. On the other hand, the
density of hydration products at higher temperature is higher [32],
which slows down the permeation of free water through the
hydration products. Therefore, during the late period, the hydration
rate is lower at elevated temperature and the ultimate degree of
hydration may thus also be lower. Based on the experimental results
in [32], van Breugel [3] proposed the following equation for the
volume ratio between hydration products and the reacted cement at
temperature T [K]:

W(T) = Volume of Hydration Products at T
" Volume of Reacted Cement at T (2)
= Vg exp| —28 x 10 °(T —293)°]

Generally, V293~ 2.2 according to Powers and Brownyard [33].

It should be pointed out that the available experimental results
regarding the effects of elevated curing temperature on hydration
kinetics are still very limited. Very few publications can be found that
consider curing temperatures higher than 60 °C (333 K). Chenevert
and Shrestha [34] and Hills et al. [35] are the two studies worth
mentioning.

An issue related to the effects of curing temperature is the apparent
activation energy E,. Because cement is a mixture of different chemical
components rather than a pure material, its activation energy is
merely phenomenological and can only be referred to as the apparent
one. Different and conflicting conclusions regarding the value of the
apparent activation energy have been drawn based on experiments
and theoretical analysis. Xiong and van Breugel [3,36] argued that E, is
a function of chemical composition of cement, curing temperature and
the degree of hydration. Freiesleben Hansen and Pedersen [37], on the
other hand, suggested that E, is only a function of curing temperature.
Schindler [38] proposed an equation for E, that considers the chemical
composition and fineness of cement. Among these studies, the work of
[38] is found to be most convincing because of its applicability to a
wide range of cements and simplicity.

2.5. Influence of applied pressure

The experiments to investigate the influence of applied pressure
on hydration kinetics are even scarcer than those involving curing
temperatures. Roy et al. [39,40] studied strength development of
cement pastes at high temperature and high pressure, but did not
address hydration kinetics. Bresson et al. [41] conducted hydration
tests on C3S subject to hydrostatic pressure up to 85 MPa and found
that a higher pressure increases hydration rate. Zhou and Beaudoin
[42] also found that applied hydrostatic pressure increases the
hydration rate of Portland cement, but has only a negligible effect
on the pore structure of hydration products when different cement
pastes at similar degrees of hydration are compared. The finding of
[42] is important since it implies that the density of the hydration
products is not considerably affected by the applied hydrostatic
pressure, at least not up to 6.8 MPa, which is the pressure they used.
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2.6. Mechanisms and thermo-chemical concepts of cement hydration

Based on numerous experimental observations, the mechanism of
cement hydration is fairly clear. According to [3], it involves three
main stages, viz. the early, middle and late periods. A short period of
rapid chemical dissolution, termed the pre-induction period, is
followed by a dormant stage, which lasts for several hours. Then
cement hydration enters the middle period that can last for 24 to 48 h,
in which ions transport to and from the surfaces of anhydrous cement
particles through gradually growing layers of hydration products.
During the late period, which is the longest and dominant one, the
reaction is totally diffusion-controlled. The free water in macro-pores
permeates through the hydration products formed around the
anhydrous cement core, making further reactions possible. van
Breugel [3] claims that cement hydration follows two different
mechanisms at different stages. During the early and middle periods,
the phase boundary mechanism prevails, while in the late period, the
diffusion-controlled reaction dominates. However, it is very difficult to
define a definite boundary between the two mechanisms.

In the present study, it is assumed that the phase boundary
mechanism can be regarded as a special case of the diffusion-con-
trolled reaction when the layers of hydration products around the
anhydrous cement cores are very thin. The mechanisms of cement
hydration are then unified to be the diffusion-controlled one. Cement
hydration is interpreted as a chemical reaction in which the free water
in the macro-pores combines as a reactant phase with the anhydrous
cement and becomes the chemically bound water as a product phase,
and the dominant mechanism of the reaction kinetics is the diffusion
of free water through layers of hydration products, as illustrated in
Fig.1[15]. The assumption can simplify the model formulation yet still
capture the salient feature of cement hydration.

Using the thermodynamics of reactive porous media and assuming
a closed system, the thermodynamic inequality equation can be
expressed as [15]:

Oyt — ST — ¥ + Dy >0 3)
in which oy is the ijth component of the stress tensor, &; is the ijth
component of the strain rate tensor, S is the entropy, T is the variation
rate of temperature, ¥ is the variation rate of free energy, and d4 _, g is
the dissipation associated with the chemical reaction A— B. For
cement hydration, according to the aforementioned mechanism, A is
the free water in macro-pores and B is the chemically bound water in
hydration products. The chemical dissipation &4 _, g can be expressed
as:

byp=A >0 4)

where A, is the affinity of the chemical reaction A— B, viz. the
chemical affinity of cement hydration, and ¢ is the reaction rate, i.e.

Free Water

Hydration Products
(with Combined Water)

Anhydrous Cement

Fig. 1. Diffusion of free water through layers of hydration products [15].

the variation rate of the degree of hydration. Using the Arrhenius
equation, the chemical affinity A, can be written as:

Ay = %‘—aexp (E—%) 5)
in which 7, represents the permeability of the hydration products
around the anhydrous cement, E, is the apparent activation energy, R
is the universal gas constant, and T is the absolute temperature. The
apparent activation energy E,, is used in Eq. (5) because as pointed out
in [3], it is an experimentally obtained quantity that is a net result of
the temperature dependency of several processes.
With Eq. (5), the hydration rate ¢ can be written as:

. E
= A exp( — ) ©)

Eq. (6) provides an ideal framework for the modeling of hydration
kinetics of cement, provided the factors that influence the chemical
affinity A, and the permeability 1), can be identified and quantified.

3. Model formulation
3.1. Modeling of the influence factors

It is obvious that the chemical composition of cement affects both
the chemical affinity A, and the permeability 7),, whereas the water-
cement ratio influences only the chemical affinity A, since it
determines the chemical potential of free water in the multiphase
system of cement paste to a certain extent.

The following expression may be used to relate the chemical
affinity A, to the chemical composition of cement and water-cement
ratio [12]:

Aaotk<k%)u + a) (o, — @) (7)

in which «« means proportional to, k and Ag are parameters related to
the chemical composition of cement and other factors. Ag is actually
the initial chemical affinity of cement hydration («=0). Eq. (7)
implicitly considers the so-called water shortage effect as pointed out
in [3], since the ultimate degree of hydration ¢, is affected by the
water-cement ratio.

From Eq. (6), it can be seen that the effects of A, and 7 are
demonstrated through their products. In order to simplify the model, an
exponential equation is used to represent the permeability 7)., that is:

Tl = exp(—na) ®)

in which n is a parameter that depends on curing temperature, degree
of hydration, and fineness of cement. 7, can be considered the
normalized permeability, which means all the model coefficients are
taken into account by A,. Eq. (8) describes the gradual decrease in
permeability of hydration products with the development of hydra-
tion. In fact, the exponential function has been frequently used to
describe hydration kinetics [12,13].

According to Egs. (7) and (8), the chemical composition of cement
influences the three parameters, k, Ag and n, while the water-cement
ratio affects only ay,. With different values of o, Eqs. (6)-(8) reflect
implicitly the effects of water-cement ratio on hydration rate.

For the sake of simplicity, only the fineness of cement particles but
not the actual particle size distribution is taken into account in the
present model. Since for most general-purpose Portland cements, the
shapes of their particle size distribution curves are similar, this
simplification does not introduce significant errors. The fineness of
cement can be represented by the Blaine value with units of m?/kg. It
influences the initial reaction rate of cement. Therefore, it should
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appear in the expression for the parameter Ao, which represents the
initial chemical affinity of cement hydration. Hence the following
equation is used to express Ap:

_ Ap x Blaine

in which Aj is the normalized initial chemical affinity of cement
hydration and is only a function of the chemical composition of
cement.

The Blaine fineness also affects the permeability 7, and the
ultimate degree of hydration «,. For permeability, it is noticed that the
finer the cement particles, the larger the Blaine value, the thinner the
layers of the hydration products, hence the higher the permeability of
the hydration products and the smaller the parameter n (Eq. (8)).
Therefore, it is assumed that:

350
Blaine

nol + (1—a)’ln (10)

As can be seen in Eq. (10), the effect of Blaine fineness is not
constant throughout the hydration process. With an increase in the
degree of hydration ¢, the effect of Blaine fineness decreases.

The effects of curing temperature can be considered partly by
involving one term of the Arrhenius equation, as shown in Eq. (6).
However, the densifying effect of elevated curing temperature on the
hydration products should also be considered. Since the density of the
hydration products is closely related to the permeability 7, the
parameter nin Eq. (8) should also be a function of curing temperature.
And since the hydration rate of cement during the late period
decreases at elevated curing temperatures, the parameter n should be
an increasing function of the curing temperature T. In this study, the
volume ratio equation (Eq. (2)) is used, with the effect of curing
temperature T on the parameter n represented as:

no (%)lw 11

in which ais the degree of hydration, and v(T) and v,g3 are as given in
Eq. (2). Egs. (8) and (11) imply that the effect of curing temperature
on the permeability 7, is a decreasing function of the degree of
hydration ¢, which is consistent with experimental results [29-31].
The curing temperature T also influences the ultimate degree of
hydration «, as will be discussed subsequently.

The applied hydrostatic pressure p is assumed to influence only
the chemical affinity A,, as supported by the experimental results in
[42]. According to the tests conducted by Bresson et al. [41], the
chemical affinity A, is set to be:

0.07 2
Ay ot €Xp {0.02( P —1) {3 - 1.5(3> + 0.4]} (12)
patm au au

where p is the applied hydrostatic pressure, and pau, is the
atmospheric pressure. Eq. (12) shows that the reaction rate increases
with the increase in the applied pressure p.

It can be concluded now that the chemical affinity A, is a function
of the degree of hydration ¢, the water cement ratio ¥ (through the
ultimate degree of hydration «,), the Blaine fineness (through the
initial chemical affinity Ay and the ultimate degree of hydration ),
the applied pressure p (through Eq. (12)), and the chemical
composition of cement (through the parameters Aj and k). And the
parameter n that controls the permeability of free water through the
hydration products is a function of the curing temperature T (through
Eq. (11)), the degree of hydration «, the Blaine fineness (through
Eq. (10)), and the chemical composition of cement. Thus, if the
ultimate degree of hydration «, is identified, the parameters that

remain in the hydration kinetics model will be related to the chemical
composition of cement only.

3.2. Modeling of the ultimate degree of hydration

The available experimental and numerically simulated results for
oy, as a function of water-cement ratio and fineness of cement
[22,24,43-45] were collected and analyzed. The Blaine fineness of the
cements ranges from around 270 m?/kg to 420 m?/kg and the water—
cement ratio varies from 0.25 to 0.85. For some sets of data, in which
the hydration ages were not long enough, small extrapolations were
performed based on the trends of the degree-of-hydration vs. time
curves to obtain the corresponding ultimate degree of hydration. It
must be pointed out that theoretically, the ultimate degree of
hydration can never be obtained from experiments, since very limited
reactions may still be possible after years. However, the very limited
reactions at sufficiently late age are of little significance for practical
application and the final degrees of hydration found in [22,24,43-45]
are assumed to be the ultimate ones.

From the data analysis, it was found that:

1) The ultimate degree of hydration oy, may be expressed as a
hyperbolic function of water-cement ratio with o, <1.0.
2) o cannot exceed the theoretical value given by:

I=

=5 (13)

I

in which 0.4 is approximately the theoretical water-cement ratio
necessary for full hydration, which is the sum of the chemically
bound water ratio, about 0.25, and the gel water ratio, about 0.15
[3,33].

3) a increases as the cement particles get finer, i.e. as the Blaine
value increases. The effect of cement fineness on «, becomes
smaller with a decrease in water-cement ratio [26].

Based on these observations, an equation considering both the
effects of water-cement ratio and fineness of cement is obtained via
theoretical analysis and data regression:

__ By (Blaine) x ¥
Oy 293 = Wﬁl-o (14)

in which oy, 203 is the ultimate degree of hydration at T=293 K. 3,
and (3, are both functions of Blaine fineness and are defined as:

. 1.0
Blaine) = - 15
i (Blaine) 9.33 (Blaine) =282 | 0 38 (12)
3, (Blaine) = Blaine — 220 (16)

147.78 + 1.656(Blaine — 220)

Egs. (15) and (16) are valid for Blaine>270 m2/kg. When
Blaine<270 m?/kg, 3; and 3, are assumed to remain constant, that is,

B, (Blaine< 270m?/ 1<g) =B, (Blaine = 270m?/ 1<g) (17)

B, (Blaine<270m2 / 1<g) =B, (Blaine = 270m?/ 1<g) (18)

The applicability of the proposed equation for o, 293 is validated
using the experimental results of Mills [24] and Baroghel-Bouny et al.
[45], as shown in Fig. 2.

The ultimate degree of hydration ¢, is also related to the curing
temperature T. Based on the experimental results of Kjellsen and
Detwiler [30] and Escalante-Garcia [31] for three different Portland
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Fig. 2. Simulated and measured ultimate degree of hydration at T=293 K (a)—
experimental data from [24]; (b)—experimental data from [45].

cements, the following equation is proposed to consider the effect of
curing temperature T:

0 = 0ty 593 EXP [—0.00003.(T—293.)2 - SGN(T — 293)] (19)

in which

1, whenT > 293K

SGN(T —293) = { —1. whenT< 293K

(20)

It should be noted that the equation for o, must also be bounded
by the theoretical value. When the water-cement ratio is low, oy
predicted by Egs. (14)-(20) can be higher than the theoretical value of
Eq. (13). Therefore, if the calculated o, exceeds that theoretical value,
it is assumed that:

E

o = ¢ (21)

D

3.3. Mathematical model of hydration kinetics
With the above discussion and formulation, a mathematical model

of hydration kinetics for Portland cement can now be presented.
The rate of hydration ¢ is given by Eq. (6), but normalized, that is,

. _ Ea Ea
o = Ayl exp( ﬁ) exp (293 > (22)

in which E, is the apparent activation energy. The normalization in
Eq. (22) ensures that the material constants of the model can be

obtained from experimental results at room temperature and will not
vary considerably for different values of activation energy.
The chemical affinity A, is expressed as:

A, (a.v—cv,Blaine, p) =k (l?

Lt o), —a) - siep) 23)
au

in which the function s(c, p) represents the effect of applied
hydrostatic pressure p (see also Eq. (12)):

s(a,p) = exp {0.02<sz —1)0'07 {aﬁu - 1.5((%)2 + 0.4” (24)

The initial chemical affinity Ag is defined by Eq. (9), and the ulti-
mate degree of hydration ¢, is given by Egs. (14)-(21). The remaining
constants Ay and k are functions of the chemical composition of
cement.

The permeability of free water through hydration products, 1, is
expressed by Eq. (8), in which the parameter n is written as:

n = nyf; (Blaine,ct) - f,(T, ) (25)

where

f,(Blaine,o) = 1 + (1—a)* - 1n<8?;2e> (26)
V. 100

BT = (12 @7)

and ng is a material constant that is related to the chemical
composition of cement only.

The last material constant of this model is the apparent activation
energy E,. In this study, it is assumed that E, is constant for one
specific type of cement. The empirical equation obtained in [38] is
used to determine E,, which is a function of the chemical composition
and fineness of cement.

4. Model calibration

The proposed model contains four material constants, k, Aj, no and
the apparent activation energy E,, all of which depend on the cement
properties only. The first three are functions of the chemical compo-
sition of cement only, while the apparent activation energy depends
also on the fineness of cement [38]. To calibrate these material
constants, the experimental results on hydration kinetics for eight
different Portland cements are used, namely those for Type I, Type II,
Type Il and Type IV cements of Lerch and Ford [29], and those of
Keienburg [25], Danielson [21], Escalante-Garcia [31], and Taplin [22].
In Table 1, these cements are identified as #A-#H, respectively. The
experimental results used cover the effects of curing temperature,
water-cement ratio, and fineness of cement on hydration kinetics of
Portland cement, with the mass fraction of C3S in cement ranging from
0.24 to 0.717.

An equation was proposed in [38] for the apparent activation

energy E, [J/mol],
E, =22100 % (pca)” " % (pear) x (Blaine)**® (29)
in which the Blaine fineness is with units of m?/kg. Pc,a and pe ar are
the Bogue mass fractions of C3A and C4AF, respectively. This equation
is used in the present study to obtain the apparent activation energy if
its value was not provided in the experimental data.

The Bogue compositions of the cements investigated are listed in
Table 1. The four material constants are also shown for each cement. It
can be seen from Eq. (22) that for experiments conducted at room
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Table 1

Cement compositions and the corresponding material constants.

Cement Figure Bogue composition Blaine fineness Material constants

identification # number &S s GA CAF (m?/kg) Eq (J/mol) k(h~ ) ny Ap (h)

#A [29] 3-1 0.514 0.226 0.111 0.079 372 45,2717 0.53 6.95 0.0123
#B [29] 3-2 0.416 0.344 0.054 0.132 314 41,788 0.48 730 0.0080
#C [29] 3-3 0.600 0.135 0.089 0.081 564 49,955% 0.54 6.80 0.0120
#D [29] 3-4 0.240 0.515 0.049 0.116 360 39,978 0.50 7.30 0.0100
#E [25] 3-5 0.717 0.059 0.090 0.100 350 - 0.59 710 0.0108
#F [21] 3-6 0.567 0.172 0.067 0.079 312 - 0.51 7.00 0.0120
#G [31]° 3-7 0.716 0.109 0.037 0.107 376 44,166° 0.47 8.10 0.0100
#H [22] 3-8 0.414 0.340 0.098 0.075 312 - 0.55 7.02 0.0130

2 Values taken from [38].

" The chemical composition determined by quantitative X-ray diffraction analysis (QXDA) was used for this cement.

¢ Calculated value using Eq. (29).

temperature, E, is not significant for the model. The other three
material constants are obtained by fitting the experimental data. The
material constants are not necessarily the ones that best fit the
experimental results, as they have been adjusted to allow for their
variations with the chemical compositions by conducting linear or
nonlinear regression analyses with EXCEL. The comparison of the
model simulations with the experimental results for the eight
cements are shown in Figs. 3-10, respectively.

The material constants k, Aj and ng of Table 1 can be approxi-
mately represented by certain functions of the Bogue composition of
cement.
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Fig. 3. Simulated and measured degree of hydration for cement #A (type I)

(experimental data from [29]).
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Fig. 4. Simulated and measured degree of hydration for cement #B (type II)
(experimental data from [29]).

The normalized initial affinity Aj can be expressed as a linear
function of the Bogue mass fractions of C4AF. The experimental results
of Escalante-Garcia and Sharp [20] support this relation. It can be seen
from their experimental data that the initial reaction rate of C4AF is
much lower than that of C3S, C,S and C3A, which have similar initial
reaction rates. The function of A¢ is expressed as:

Ay = — 0.0767pc,a¢ + 0.0184 (30)

with pc,ar being the Bogue mass fraction of C4AF. The comparison of
A¢ calculated by Eq. (30) with the values listed in Table 1 is shown in
Fig. 11(a).
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Fig. 5. Simulated and measured degree of hydration for cement #C (type III)
(experimental data from [29]).
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Fig. 6. Simulated and measured degree of hydration for cement #D (type IV)
(experimental data from [29]).
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Fig. 7. Simulated and measured degree of hydration for cement #E (experimental data
from [25]).

The constants ng and k can be represented by a linear and a
nonlinear function of the Bogue mass fractions of C3S, C,S, and C3A,
respectively:

—0.206 —0.128 0.161
k=056 x (pc,s) x (Pes) x (Pen) (31)
ny = 10.945p¢ s + 11.25pc,s — 4.10pc 5 — 0.892 (32)

The comparisons of k calculated by Eq. (31) and ng calculated by
Eq. (32) with the values listed in Table 1 are shown in Fig. 11(b) and
(c), respectively.

It can be seen in Fig. 11 that the three model parameters (k, Aj and
ng) correlate strongly with the chemical composition of cement.
Although only eight cements were used for the data regression
analysis, considering the fact that the chemical compositions of these
cements are very different, the trends of the functional relationships
appear to be captured very well.

5. Model verification
5.1. Model reproduction of the degree of hydration

In order to validate the proposed model, it is used to reproduce
hydration kinetics for several cements.

First of all, the model capability to predict the degree of hydration
of cement under pressure is verified using the experimental results. As
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Fig. 8. Simulated and measured degree of hydration for cement #F (experimental data
from [21]).
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Fig. 9. Simulated and measured degree of hydration for cement #G (experimental data
from [31]).

mentioned in Section 3.1, the function s(o, p) in Eq. (24) was
calibrated using the experimental results for C3S in [41]. The simulated
and experimental results are compared in Fig. 12. In Fig. 13 the model
reproductions of the degree of hydration for an ordinary Portland
cement cured under pressure are compared with the experimental
results of [42]. It can be seen that the model is capable of predicting
the effect of applied hydrostatic pressure on cement hydration.

Hydration kinetics of three cements tested by Bentz et al. [46,14]
and Hill et al. [35] are simulated using the proposed model. The
experimental results of [46] exhibited the effect of curing conditions
(saturated or sealed curing); those of [14] showed the effect of water—
cement ratio; and those of [35] indicated the effect of curing
temperature up to 90 °C (363 K), but the values of the degree of
hydration were not provided. Such data are obtained by using the
maximum heat output equation of Bogue [17], viz.

alt)~ 3:) (33)

The material constants used in the simulation are obtained
through Egs. (29)-(32). Since the fineness of cement was not provided
either, a value of 350 m?/kg is used by comparing the Blaine values of
similar cements. The model reproductions are compared with the
experimental results in Figs. 14-16, which show reasonably good
agreement. Although the degree of hydration at the curing tempera-
ture of 90 °C [35] is over-estimated to a certain extent, the overall
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Fig. 10. Simulated and measured degree of hydration for cement #H (experimental data
from [22]).
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prediction accuracy can be considered acceptable in view of the
difficulties of conducting tests at elevated curing temperatures.

5.2. Model reproduction of adiabatic temperature rise

The exothermic behavior of cement hydration can be simulated by
introducing the specific heat of cement paste, gpasee. van Breugel [3]
proposed an equation for gp,ste, Which is a function of the degree of
hydration ¢, curing temperature T, and water-cement ratio:

M, w
qpaste = € a- Opee T (] - a)qace + = QW] (34)
Ppaste ¢
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Fig. 12. Simulated and measured degree of hydration for C3S under pressure
(experimental data from [41]).

where M. [kg/m?] is the cement content by mass in the paste; Ppaste
[kg/m?] is the density of cement paste; Gpaste, Gace and Gy are the
specific heats of cement paste, anhydrous cement, and water, respec-
tively; gnee [KJ/(kg-K)] is the fictitious specific heat of the hydrated
part of cement, which can be expressed as:

Ghce = 0.0084(T — 273) + 0.339 (35)

The temperature rise, AT, can be written as:

AT:Aa'QmaX'Mce _

Ao - Qmax
36
a'the+(1_a)Qace+%'qw 58)

ppaste : qpaste

where Aacis the increase in the degree of hydration, and Quax [K]/kg] is
the maximum heat of hydration. The values of the specific heat of
cement and water are known to be ¢,..~0.75 kJ/(kg-K) and
qw~4.18 kJ/ (kg-K), respectively [3]. If concrete or mortar is concerned
instead of cement paste, the specific heat and mass of aggregate
should also be included in Egs. (34) and (36).

The adiabatic tests for the CEM [ 52.5 PM CP2 concrete by Bentz et al.
[47] are reproduced using the proposed model to verify its capability to
predict the adiabatic behavior of cementitious materials with different
water-cement ratios. The material constants, except for the apparent
activation energy E,, taken directly from [47], are obtained via Egs. (30)-
(32). The results are given in Fig. 17. It can be seen that the model
predictions agree well with the experimental results.
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Fig. 13. Reproduced and measured degree of hydration for OPC under pressure
(experimental data from [42]).
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Fig. 14. Reproduced and measured degree of hydration for CCRL cement 115 under
different curing conditions (experimental data from [46]).
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Fig. 15. Reproduced and measured degree of hydration for CCRL cement 152 with
different water-cement ratios (experimental data from [14]).

5.3. Model reproduction of chemical shrinkage

With the degree of hydration ¢, the chemical shrinkage of cement
paste can be calculated, which according to [33], is approximated as:

(1—vy) x ™ xa  025x0.25x
Ve + ¥ T 032+ ¥

Vensh (€0) = (37)

where Venen(@) is the chemical shrinkage; v, (=~0.75 cm®/g) is the
specific volume of the chemically bound water, which means that the
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Fig. 16. Reproduced and measured degree of hydration for OPC at different
temperatures (experimental data from [35]).

100

-]
o
T

w/c=0.30
w/c=0.35
w/c=0.45
w/c=0.55
—— Model Prediction

20 ! 1 L 1 1 J
0 40 80 120 160 200

Time (hours)

Temperature, (°C)
(=]
o

40

4 poao

Fig. 17. Reproduced and measured adiabatic temperature changes for CEM [ 52.5 PM
CP2 cement with different water-cement ratios (experimental data from [47]).

5 o=
gt
o 6
©
=37 o
£ o
W 2
o

O 0 -
E o T=100"F, p=1200psi
O 1r o T=150°F, p=3500psi
Model Prediction
0 1 Il 1 L 1 1 1 1 J

0 5 10 15 20 25 30 35 40
Time (hours)

Fig. 18. Reproduced and measured chemical shrinkage for Class H cement at different
temperatures and pressures (experimental data from [34]).

chemical shrinkage equals up to 25% of the volume of the chemically
bound water; w,, is the mass of the chemically bound water; and v,
(~0.32 cm?/g) is the specific volume of cement.

The chemical shrinkage tests by Chenevert and Shrestha [34],
Justnes et al. [48,49] and Baroghel-Bouny et al. [45] are reproduced
using the proposed model. It should be pointed out that the tests in
[34] were conducted at high temperatures and high pressures. The
material constants are again obtained via Eqs. (29)-(32). The
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Fig.19. Reproduced and measured chemical shrinkage for Class G cement with different
water-cement ratios (experimental data from [48]).
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Fig. 20. Reproduced and measured chemical shrinkage for P30 k cement with different
water-cement ratios (experimental data from [49]).

predicted and experimental results are compared in Figs. 18-22,
which show acceptable agreement. The Blaine fineness was not
provided in [34], hence a value of 300 m?/kg is adopted for the Class H
oil well cement used in the tests by referring to the general fineness of
this type of cement. Attention is directed to the model capacity of
reproducing the behavior of oil well cements (Class G and Class H)
under ambient conditions as well as downhole conditions of high
temperature and high pressure. It should be noted that in the
experiments the cement started to hydrate before the data were
recorded. Therefore, values of the original degree of hydration in the
model reproduction of the experimental results in [34] are not zero,
but set as 0.04 at 38 °C (100 °F) and 0.12 at 66 °C (150 °F), respectively.

6. Summary and discussion

A hydration kinetics model for Portland cement has been proposed
based on the thermo-chemical concepts of Ulm and Coussy [15]. The
dominant mechanism of cement hydration is assumed to be the
diffusion of free water through the layers of hydration products. The
effects of chemical composition and fineness of cement, water-
cement ratio, curing temperature and applied pressure are taken into
account in this model. The influence of the chemical composition of
cement is incorporated in the four material constants, k, Aj, ng and E,.
The relationships between these material constants and the chemical
composition of cement are calibrated.

The predictive capabilities of the model are demonstrated for
various applications. The proposed hydration kinetics model is theo-
retically sound, easy to use and capable of predicting the hydration
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Fig. 21. Reproduced and measured chemical shrinkage for HS65 cement with different
water-cement ratios (experimental data from [49]).
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Fig. 22. Reproduced and measured chemical shrinkage for type I cement with different
water-cement ratios (experimental data from [45]).

development of various cements under different curing conditions. In
particular, the effects of elevated curing temperature and high applied
pressure on hydration kinetics of cement can be reproduced. The
proposed model can be used for different applications, such as the
prediction of hydration kinetics, adiabatic temperature change and
chemical shrinkage of cement paste.

Since only eight cements were used for the data regression anal-
ysis, the relationships between the three material constants (Ag, k
and np) and the chemical composition of cement may not be optimal.
However, the trends of the relationships appear to have been cap-
tured. According to the available experimental observations, the initial
reaction rate of C4AF is the lowest, hence the material constant Aj
should be closely related to its content. The values of k and ny deter-
mine the overall reaction rate. The larger the value of k and the
smaller the value of no, the higher the reaction rate. It is well-known
that C3A and C3S react faster, while C,S reacts slower, hence the trends
as given by Eqgs. (31) and (32) are correct. The validity of using one
single value of apparent activation energy E, has been verified, but its
dependence on the chemical composition and fineness of cement
deserves further investigation.

The present study is focused on ordinary Portland cement without
any mineral or chemical admixtures. However, it should be empha-
sized that this model is fundamentally capable of simulating the
behavior of blended cements or cements with admixtures. Of course,
in this case, the material constants would have to involve the effects of
the replaced materials or the admixtures, but the model formulation
would be similar.

The model's capacity of reproducing hydration kinetics of cement
under curing conditions of high temperature and high pressure is
demonstrated. However, the available experimental results under
such conditions are very limited, therefore, the proposed formulas still
need to be verified with more reliable experimental data.

Although it was reported in [3,8,27,28] that the particle size
distribution of cement influences hydration kinetics to some extent,
this influence is not considered in the proposed model. The
assumption could lead to some discrepancy in the model simulation
but since the trends of the particle size distribution curves of most
generally used Portland cements are quite similar, it is considered to
be acceptable. The predictive capacity of the model has demonstrated
that this assumption does not introduce significant errors in this
model for a wide variety of Portland cements.

It is also noteworthy that different methods to determine the
degree of hydration can introduce considerable discrepancies among
the obtained results. The methods commonly used to determine
the degree of hydration vary from the uses of liberated heat of
hydration, amount of chemically bound water, chemical shrinkage,
amount of Ca(OH),, to the approximations from the specific surface,
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strength, or dielectric properties of cement. These differences
between the methods to measure the degree of hydration should be
borne in mind when modeling hydration kinetics for Portland cement.
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