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This paper revisits the coupled impacts of fineness and temperature on the kinetics of Portland cement hydra-
tion. The approach consists in i) modeling the impact of fineness on cement dissolution through the hypothesis
that the surface dissolution rate of cement particles is independent of their size, in order to, in a second step, ii)
model the impact of temperature on the kinetics of cement dissolution. The analysis of the experimental results

ﬁ%"::;i; ) shows that the effect of cement fineness on the hydration kinetics can be captured by a simple hypothesis: for
Kinetics (A) any age, the reacted thickness of cement grains can be considered independent of the initial cement particle

size. In addition, the analysis of the results at different temperatures shows that a constant activation energy
can account for the effect of temperature on the hydration kinetics, with an Arrhenius equation applied to the
kinetics of surface dissolution. The results from the model give a good agreement with the experimental results
in a significant number of combinations (different Portland cements, water/cement ratio from 0.5 to 0.6, cement

Temperature (A)
Fineness (A)
Cement paste (D)

Blaine fineness from 3500 to 6600 cm?/g, temperature histories between 20 and 60 °C).

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Increasing the rate of hydration of cement is one of the most common
ways (with reducing the water/cement ratio) to increase the rate of
development of the mechanical properties of concrete. Both temperature
and cement fineness change the kinetics of cement hydration. For
instance, in the precast concrete industry, thermal treatment is often
used to accelerate cement hydration and consequently accelerate com-
pressive strength development — thus increasing the productivity. On
the other side, for ready-mix applications, low temperature can lead to
low rates of strength development. Another way to increase productivity
is to use a more reactive (e.g. finer) cement. Both factors (fineness and
temperature) have been studied extensively, but rarely within a same
study.

The originality of this work is to propose a simple model that can
estimate simultaneously the effects of both temperature and fineness
on degree of hydration. The model is based on simple geometrical and
physical considerations. It was evaluated on the basis of specific exper-
iments performed on cement pastes, designed to explore the impact of
the main parameters considered: cement fineness, temperature history
and water/cement ratio.
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1.1. Effect of temperature on the kinetics of hydration

The most obvious impact of temperature on concrete properties
is the fact that a higher temperature increases early compressive
strength and lowers long term compressive strength. This phenome-
non was the reason for many studies on the impact of temperature on
cement hydration [1-6].

It is largely admitted that at early ages, temperature increases the
rate of cement hydration [1,2,4,7-12], justified by the fact that tem-
perature induces faster kinetics of the chemical phenomena (faster
dissolution, nucleation or precipitation rates) and faster diffusion
through the hydrates assemblage around unreacted cement grains.
Many authors have used the Arrhenius equation in order to capture
the effect of temperature on the kinetics of hydration; this modeling
approach will be detailed further in this paper (Section 2.1).

At later ages, the lower final compressive strength of concretes
cured at higher temperature has led some authors to propose that the
kinetics of hydration was slowing down after the initial acceleration
[1,11,13]. The denser layer of hydration products observed at higher
temperature [14,15] or an increased polymerization rate of C-S-H
[16] was considered as the reason for a slow down of the diffusion
process. However, it is quite largely admitted today that final degrees
of hydration are similar at late ages, regardless of temperature of
hydration [4,10-12], while the observed lower final strength for
concretes cured at higher temperature is induced by a coarser micro-
structure with denser hydrate layers around the anhydrous products
[1,4,89,17].
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1.2. Effect of cement fineness on the kinetics of hydration

The impact of fineness on cement hydration is more straightforward.
Fineness of cement is known to increase significantly the compressive
strength, particularly at early ages, and to a lesser extent at later ages
[18,19]. This acceleration of strength development is considered to be
the result of a faster hydration of cement [20] due to a higher specific
surface. The impact of fineness on Portland cement hydration has been
studied intensively (e.g. [19-24]) and modeled in many ways [20,25-
35].

However, not many experimental and modeling studies focusing
on the coupled effects of cement fineness and temperature on cement
hydration can be found. The present study was designed to evaluate
and model the simultaneous effects of fineness and temperature.

2. Theoretical considerations
2.1. Modeling impact of temperature on hydration kinetics

The impact of temperature on the kinetics of cement hydration is
often modeled by an Arrhenius equation, which can be written in a
simplified form as:

da\™=">  /do\T=T _E, 1 1 1
(@), (@), ool (nr)} v
where ais the degree of hydration, E, is the apparent activation ener-
gy (J/mol), R is the gas constant (8.31243 J.mol~.K~ ') and T is the
absolute temperature (Kelvin). It should be noted that here the de-
gree of hydration and the apparent activation energy E, integrate all
effects of temperature on the processes of cement hydration, includ-
ing chemical reactions, diffusion of ions and water, plus restrictions
such as space limitation, lack of water, etc.

Eq. (1) implies that knowing the hydration kinetics (‘L—‘;‘)zju at de-
gree of hydration o and temperature T= T, one can compute the hy-

. . T=T,
dration Kkinetics (‘fj—‘i‘) a—a, At temperature T=T,, for degree of
hydration ap. The apparent activation energy E, should be indepen-
dent of temperature, but is often considered to be dependant on the
degree of hydration « in order to fit the experimental data (e.g.
[11,36,37]). Some authors report that E, as defined by Eq. (1) also de-
pends on cement mineralogy and fineness (e.g. [38,39]).

It is worth noting that the Arrhenius equation can be used to esti-
mate the impact of temperature on the rate of a given chemical reac-
tion [40]. Cement hydration involves many different mechanisms
(dissolution of cement phases, precipitation of hydrates, diffusion of
ions and water) and by such the impact of temperature on the kinet-
ics should not be modeled by a simple Arrhenius equation. But it is
rarely mentioned that one of the major reasons why this should not
be done is because cement is a powder with a broad particle size dis-
tribution [26]. Indeed, as will be demonstrated in Section 2.4, if the
surface dissolution rate follows an Arrhenius law, the overall dissolu-
tion rate (as measured through degree of hydration) may not follow
an Arrhenius law.

2.2. Introduction of the ‘uniform reacted thickness’ concept

Blaine surface area is probably the simplest and the most classical
way to characterize cement fineness. However, such a simple parameter
is inadequate for a precise evaluation of the influence of fineness on the
degree of hydration. Indeed, a parameter representative only of the ini-
tial surface area (such as Blaine or BET) can account only for the very
first moments of hydration; the impact of the initial surface area on the
kinetics of cement is not relevant anymore once the reactive surface
has started decreasing. Similarly, mean diameter such as D50 cannot cap-
ture how dissolution affects the reactive surface area. More sophisticated
models have also been proposed, that take into account the particle size

distribution of cement and in some cases the mineralogy of cement
grains [31-34].

In the present work we consider an intermediate approach that
takes into account the whole particle size distribution of cement,
but with simple hypotheses for what concerns the mechanisms of
cement dissolution. Let us consider a mineral which dissolves, at instant
t, with a rate k(t) expressed in quantity of matter per unit of surface area
and unit of time, so that the quantity of matter dissolved during a small
time increment dt is:

dn = k(t).S(t).dt 2)

where S(t) is the surface area of the mineral at time t. Note that no
hypothesis is made concerning the mechanisms that determine the
dissolution rate k(t). The variation of volume of the dissolving mineral
during time dt is:

dV = —V™.dn = —V™ k(t).5(¢).dt (3)

where V™ is the molar volume of the mineral considered.

Now, let us consider a spherical particle of the said mineral, of initial
radius r(0). At time ¢, the radius of the particle r(t) varies of value dr
during time dt, and its surface area is S(t), so that dV=S(t).dr. By
combining this equality with equation Eq. (3), we get:

dr = —V"™ k(t).dt. (4)

By integrating the previous equation over time, the radius of the
particle at time t is given by:

r(t) = r(0)—V"™ [5-0k(6).do. 5)

We now introduce the notion of ‘dissolved depth’ or ‘reacted
thickness’ h(t) =r(0) —r(t), i.e. the distance of the dissolving surface
from the original surface of the particle, that can be expressed as:

h(t) = r(0)—r(t) = V™ [4=ok(6).d6. (6)

One can see that, if the dissolution rate k(t) does not depend on the
radius of the particle, the right-hand side of equation Eq. (6) is not a
function of the initial particle size. Consequently, the reacted thickness
at time t should be identical whatever the initial particle size. This
hypothesis, referred to as ‘uniform reacted thickness’ concept in this
study, and illustrated in Fig. 1, will be discussed later on in this paper.
Note that we also assume that the cement particles are spherical and
monophasic, which are clear oversimplifications of the complexity of
cement nature.
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Fig. 1. Schematic representation of the ‘uniform reacted thickness’ concept.
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It is interesting to note that the ‘uniform reacted thickness’ con-
cept was proposed and applied (although not justified) by Osbaeck
and Johansen [20]. This approach is probably the simplest version
of the so-called ‘shrinking unreacted core model’ (e.g. [26,28-
30,33,35,41]).

With these assumptions, by integrating over all the classes of the
particle size distribution of cement, the degree of hydration «(t) can
be expressed as:

where d; is the initial diameter and x; is the volume fraction of particles
in particle size distribution class i, h(t) is the reacted thickness at time ¢
and the term in square brackets cannot be less than zero. The
numerical applications will be performed later in this paper by integrat-
ing the right-hand side of Eq. (7) over all the classes of the particle size
distribution of cement.

Thus,

da, dh 6 () 2hn)?
a0 = {z dgh(r) [Xl d; <1 d; ) ” ®)

As shown above, 41 = V™ k(t) is related to the kinetics of dissolution
of the cement surface, and can be considered as an intrinsic parameter
representing the ‘reactivity’ of cement, independently of its particle

size distribution.

2.3. Calculation of the reacted thickness

Direct measurement of reacted thickness of cement particles is not
easily achievable, in particular since the initial size of a given hydrated
particle is hardly known. It was chosen instead to measure the degree
of hydration of cement. Then, the value of the reacted thickness h(t)
was computed using a least-square regression between measured and
calculated hydration degree (Eq. (8)). In order to evaluate the ‘uniform
reacted thickness’ concept, each cement used in this study was tested at
different levels of fineness, up to finenesses rarely encountered in actual
industrial cements.

2.4. Combining an Arrhenius equation and ‘uniform reacted thickness’
concept

Since % can be assimilated to a rate of surface dissolution, and by
making the simplifying hypothesis that cement dissolution is a one-
step process, one can apply an Arrhenius equation to this variable

[40], so that:

dh)T:Tz (dh)T:Tl { E, (hy) (1 1)}
- == X expq — X (=== - 9
<dt hehy  \GE)pp, P R I, T )

It is worth noting that Eq. (1) (Arrhenius law applied to the overall
degree of hydration) may not be directly derived by combining Eq. (9)
(Arrhenius applied to dissolution rate) and Eq. (8) (integration of disso-
lution rate over particle size distribution) in case the reacted thickness is
not constant. This implies that Eq. (1) may not be adequate to assess the
effect of temperature on the global degree of hydration for a polydisperse
powder.

2.5. Computing apparent activation energy

Knowing the function 4! at two different temperatures, one can
compute the apparent activation energy as:

dh\T=T,

- T, xT, (E)h:ho

Ea(hO) =R TZ_T] Ln ((dh)TTz
dt/ h=h,

where (&)= and (d)/=" are the rates of dissolution at temperature
=My . =Ny R
T; and T, respectively, both measured at reacted thickness ho.
The experimental approach proposed below was designed to eval-
uate the relevance of the ‘uniform reacted thickness’ concept and its
capacity to capture the effects of fineness and temperature on cement

hydration.
3. Experimental protocols
3.1. Materials

In order to have cements with different levels of fineness, three in-
dustrial Portland cements (hereafter designated A, B and C) were chosen
for their differences in mineralogy, and either air-classified (designated
‘C’) or jet-air ground (designated ‘g’) to reach high levels of fineness.
The level of fineness will be designated arbitrarily by ‘90 pm’ (industrial
cement), ‘30 pum’ and ‘20 pm’ (finer cements). Particle size distributions
(64 classes in this work), measured by laser granulometry in ethanol,
are given in Fig. 2.

The physical and chemical properties of cements are given in Table 1.
Phase compositions of cements in Table 1 are obtained by X-ray diffrac-
tion and Rietveld analysis. As can be seen, the process of classification
slightly changes the composition of cement. Note that cements A-g-
90 pm and A-c-90 pm are two different samples from a same cement
plant. The results will show that these differences can be neglected at
first order.

3.2. Preparation of cement paste samples and designation of specimens

The degree of hydration of cement was measured by two different
methods. For early ages (up to 1-2 days), isothermal calorimetry
(TAM Air calorimeter) was used. For later ages (1h-28 days), the de-
gree of hydration was measured by coupling X-ray diffraction and
Rietveld analysis associated to bound-water measurements. Details
of methods and calculations are given below (§ 3.3 and 3.4).

Three temperatures were considered in this study: 20, 40 and
60 °C, in order to remain below ~70 °C, temperature for which equi-
librium of calcium sulfoaluminate phases is systematically modified
[42]. The experimental conditions are summarized in Table 2. Addi-
tionally, three different heat-curing cycles between 20 and 60 °C
were applied, as illustrated in Fig. 3.

All materials and apparatuses were pre-conditioned at the re-
quired temperature. Water and cement were mixed for 60s at
3000 rpm. Paste spread on the mixer bowl was put back in the mix.
Then cement paste was further mixed for 60 s at 3000 rpm. The
fresh cement paste was poured into 7.4 mm diameter and 22.7 mm
height waterproof molds. To prevent segregation, the molds were
continuously rotated for one night in a water bath at desired temper-
ature. After that, the samples were demolded and kept in lime satu-
rated water at the desired temperature until testing. The properties
of samples, namely degree of hydration, porosity and compressive
strength were measured at ages up to 28 days. This paper deals
with degree of hydration only.

The names of specimens were given according to the designation of
cements (A, B and C) - classified or ground indication (¢ and g,
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Fig. 2. Particle size distributions of cements used in this study (volume fractions).

respectively) - fineness (90 pm, 30 pm and 20 pm are initial (industrial),
smaller than 30 um and smaller than 20 pm, respectively) - curing tem-
perature (20 °C, 40 °C and 60 °C). For example, A-c-30 um-40 °C means
cement A - classified below 30 um - paste cured at 40 °C, respectively.

3.3. Determination of hydration degree by isothermal calorimetry

Cement pastes made with classified cements were tested at 20 °C
and 40 °C and cement pastes made with ground cement were measured
at 20 °C. The water/cement ratio was 0.5 by weight. The specimens
were mixed inside the calorimeter, at two temperatures, 20 and 40 °C.
Hydration was followed continuously for at least 24 h. The heat flux

Table 1
Physical properties and mineralogical composition of cements used.

was normalized by the weight of cement and the cumulative heat was
calculated by integrating the heat flux. The starting point of integration
was fixed at the lowest heat flux value between the first peak and the
second peak.

The degree of hydration can be calculated with the following
equation:

H(r)

a(t) - Hﬁnal

(11)

where «(t) is the degree of hydration of cement at time t, H(t) (J/g of
cement) is the cumulative heat flow at time t and Hpna (J/g of

Cement Classified cement A Classified cement B Classified cement C Ground cement A
A-c-90pm  A-c-20pm  B-c-90pm  B-c-30pm  C-c-90pm  C-c-30pm  C-c-20pm  A-g-90um  A-g-30um  A-g-20 pm

Blaine specific surface area (cm2/g) 3950 6180 4300 4930 3570 4950 6630 3960 NA 6630
Density (g/cm3) 3.13 3.09 3.15 3.16 3.10 3.09 3.08 3.15 3.17 3.12
Alite (%) 60.3 59.5 67.9 66.2 70.1 70.8 67.9 62.7

Belite (%) 17.2 132 123 141 103 8.2 9.1 16.2

Ferrite (%) 46 4.7 5.6 5.5 2.5 33 34 5.1

Aluminate (%) 7.8 9.4 9.0 9.0 10.8 10.1 10.2 7.8

Lime (%) 0.2 0.1 0.6 0.0 03 0.3 0.1 0.2

Periclase (%) 03 0.3 1.0 0.8 0.2 0.3 0.4 0.3

Anhydrite (%) 1.5 34 14 1.9 0.7 0.7 1.2 21

Hemihydrate (%) 1.8 1.0 13 2.2 1.8 23 3.0 1.0

Gypsum (%) 25 2.6 0.0 0.0 2.0 2.8 29 1.9

Calcite (%) 2.3 5.1 0.0 0.0 0.7 0.3 0.9 2.2

Portlandite (%) 0.0 0.1 0.7 0.2 0.5 0.6 0.6 0.1

Quartz (%) 03 0.7 0.0 0.1 0.2 0.3 03 0.1
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Table 2
Experimental conditions.

Cement Fineness Temperature W/  Measurement of hydration
C degree

A Initial 20, 40 °C 0.50 Isothermal calorimetry
Classified<30 pm 20, 40 °C 0.50 Isothermal calorimetry
Classified<20 um 20, 40 °C 0.50 Isothermal calorimetry

B Initial 20, 40 °C 0.50 Isothermal calorimetry
Classified<30 pm 20, 40 °C 0.50 Isothermal calorimetry
Classified<20 um 20, 40 °C 0.50 Isothermal calorimetry

C Initial 20, 40°C 0.50 Isothermal calorimetry
Classified<30 um 20 °C 0.50 Isothermal calorimetry
Classified<20 pum 20 °C 0.50 Isothermal calorimetry

A Initial 20, 40, 60 °C 0.50 Rietveld

A Ground<30pum 20 °C 0.50 Rietveld

A Ground<20pum 20 °C 0.50 Rietveld

A Initial 20°C 0.33 Rietveld

A Ground<20pum 60 °C 0.60 Rietveld

A Initial Cycle 1, cycle 2,  0.50 Rietveld

cycle 3

cement) is the cumulative heat flow when the reaction is completed,
which can be calculated by the following equation:

Hﬁnal = Alite x Hf—Alite -+ Belite x Hf—Belite + Aluminate
% Hp_ pluminate + Fertite x Hy_peice (12)

where Alite, Belite, Aluminate and Ferrite are the fractions by weight of
the four main phases of anhydrous cement, as determined by Rietveld
XRD, and Hy are the respective heat of hydration of Alite, Belite, Aluminate
and Ferrite, assumed equal to 517, 262, 1453 and 725 ]/g, respectively
[43]. It is also worth noting that this calculation is based on the simplified
assumption that all clinker phases react with the same kinetics.

3.4. Measurement of degree of hydration on stopped cement paste
samples

After measurement of compressive strength, broken specimens
were put in acetone for 15 min. Then the specimens were removed
from acetone and vacuum-dried for 24 h, then ground below 63 pm
and used to measure the hydration degree by coupling XRD/Rietveld
and bound water.

XRD scans were collected with CuKa radiation over the range
26 =5°-65° (20 =1°/min). Panalytical Highscore Plus version 2.2.2
software was used to run Rietveld refinements. The total amorphous
content in a sample was quantified indirectly by using an external
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Age ( hours)

Fig. 3. Temperature cycles 1, 2 and 3.

standard. Bound water was measured by multi-element gas analyzer
Pyro-Analyser Fractel MIR 9000.

Hydration degree calculated by XRD/Rietveld analysis and bound
water is given by the following equation:

(13)

where « is hydration degree of cement, w, is bound water, and x(t) is
the residual anhydrous cement in the hydrated sample. It should be
noted that Rietveld analysis, in fact, gives the quantity of each phase
of the cement paste. However, in this study a global definition of de-
gree of hydration only was used. Note also that bound water in anhy-
drous cement was neglected.

4. Results
4.1. Impact of fineness and temperature on kinetics of cement hydration

Fig. 4 shows the hydration degree of classified cements measured
by isothermal calorimetry. As expected, finer cements hydrate faster
and temperature accelerates hydration.

Fig. 5 compares the results from isothermal calorimetry and those
from XRD/Rietveld analysis of ground cement A (90 um, 30 um and
20 um). At early age (before 8 h) the degree of hydration from Rietveld
analysis is higher than from isothermal calorimetry. This difference
could originate from the fact that the ability of XRD/Rietveld to quantify
amorphous phases is low when the amount of amorphous phases is
low, implying higher errors on hydration degree at early ages. Another
hypothesis could be that the method used to stop hydration prior to
XRD was not fast enough and hydration continues somehow. Neverthe-
less, both methods converge after 8 h (or a>0.3). Both methods will
be used further, mainly calorimetry before 1-2 days and Rietveld after
8 h. Similar results were obtained at 40 °C, allowing using both methods
for degree of hydration above about 0.1.

Fig. 6 shows hydration degree from XRD/Rietveld as a function of
time at three different temperatures. Again, temperature acceler-
ates hydration of cement, and until about 28 days, time for which
the hydration degrees of samples cured at 20 °C, 40 °C and 60 °C
are almost the same, about 0.9. This result is in agreement with
data reported by several authors [4-6,12], showing that the dense
layer of hydrated products formed at high temperature [4,14] does
not limit the final value of hydration degree, as it is sometimes sug-
gested [1,11,13].

4.2. Application of the ‘uniform reacted thickness’ concept

On the basis of the measured degree of hydration, one can calculate
the theoretical reacted thickness as explained in Section 2.3. Fig. 7
shows at 20 and 40 °C: on the left, the reacted thickness of classified ce-
ments as calculated from results of isothermal calorimetry; on the right,
the degree of hydration, as recalculated from Eq. (7) (reacted thickness
is considered identical for each cement fineness). Conclusions are
the same for both temperatures. Although the reacted thicknesses cal-
culated individually are not exactly the same for each level of fineness
of a given cement, the calculated values of reacted thickness stand with-
in +/— 15% of calculated ‘best fit’ value (i.e. reacted thickness giving the
best fit for all levels of fineness). Moreover, the recalculated degree of
hydration is very close to the measured degree of hydration. From
these results, it seems that the ‘uniform reacted thickness’ concept is
relevant at early ages (before one day), at 20 and 40 °C, for at least
three different cements.

In order to evaluate the model at later ages, the results from XRD/
Rietveld were treated in the same way (Fig. 8 (left)). Results show
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(3 um at 40 h) [24], but since these data are already quite scattered 017
it is difficult to conclude. Note that for degrees of hydration close 0.0 . . . ,
to 1, calculation of reacted thickness becomes less accurate (a varia- 0.01 0.1 1 10 100
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tion in reacted thickness has no impact on the degree of hydration
when all particles are dissolved; see Appendix, Uncertainty on
estimation of reacted thickness). However, Fig. 8 (right) shows

Fig. 6. Hydration degree from XRD/Rietveld coupled with bound water as a function of
temperature and age; Ground cement A at 20 °C, 40 °C and 60 °C.
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Fig. 7. Reacted thickness calculated from the particle size distribution and hydration degree from isothermal calorimetry; classified cements at 20 and 40 °C. Left: reacted thickness
(dots: computed from measured degree of hydration for each cement fineness; lines: value obtained using least-square regression for all 3 cement finenesses simultaneously).

Right: hydration degree (dots: measured; lines: computed from reacted thickness).

where h is reacted thickness, t is time and 1), T and p are fitting parame-
ters characteristic of the dissolution kinetics of the cement considered.
Note that this equation is used for the sole objective of fitting experi-
mental data and does not intend to model cement hydration.

The derivative of h can be expressed as:

ool )] 0]
o (@)

dh
a =

(15)

By combining Eq. (10) and Arrhenius equation (Eq. (15)), one can
express the apparent activation energy as:

where 1);, ; and p; are the fitting parameters defined above determined
for temperature T; (i=1, 2). One can see that, as hydration proceeds, hy
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will increase, implying that E, will be a function of time (or degree of
hydration).

However, as demonstrated in Appendix, Justification of the
assumption of equality for the fitting parameters 1) and p, it is more rel-
evant to consider that the fitting parameters 1; and p; are independent
of temperature (1; =1, =1 and p; =p, =p), otherwise the activation
energy tends toward 4- « when h(t) — min();,7)2), which has no physi-
cal meaning. Consequently, Eq. (16) can be simplified as follows:

x Ln <ﬁ)

T2
in which case E, is constant, i.e. independent of time, reacted thickness
or degree of hydration.

The following procedure was followed: on the basis of the degree
of hydration measured by isothermal calorimetry for each tempera-
ture considered, the reacted thickness was calculated using Eq. (7).
Then a set of parameters 1 and p (independent of temperature)
and 7 (function of temperature of experiment) was adjusted in
order to fit experimental data, using a least-square regression meth-
od. This finally allows calculation of activation energy according to
Eq. (17).

Fig. 9 reports the impact of temperature on the rate of dissolution
(measured by isothermal calorimetry) and the calculated activation en-
ergy (left), and compares measured and modeled degree of hydration
(right). Activation energies ranging from 35 to 45 kJ/mol are found.
These values are similar to what is generally reported (30-55 kJ/mol
[36,44-47]). There still is a good agreement between measured and cal-
culated degree of hydration for the cements tested, although the induc-
tion period is not captured perfectly due to the use of Eq. (14) and the
low degree of freedom in fitting parameters since 1; =1, =1 and
P1=p2=p.

A similar approach was used at later ages. Fig. 10 shows that the
use of Eq. (14) and the assumption 7; =1, =m and p; =p, =p allow
a very good fit of experimental data for reacted thickness at 20, 40
and 60 °C. On this basis, it was possible to calculate the activation en-
ergy (about 36 kJ/mol, Fig. 11).

Then integrating over the particle size distribution of the cement
(Eq. (7)) allows modeling with a very satisfactory accuracy the im-
pact of temperature on degree of hydration, as illustrated in Fig. 12.

These results show that the concept of apparent activation energy,
when applied to the kinetics of dissolution (here expressed by the de-
scriptor ‘reacted thickness’), can capture, in addition to the effects of
cement fineness, the effects of temperature on cement hydration.

T, xT,

Fa =K I,—T,

(17)

The model is also more robust than the traditional application of an
Arrhenius equation to the overall rate of hydration since one can
use a constant apparent activation energy (i.e. independent of degree
of hydration, temperature and cement fineness).

4.4. Evaluation of the model in different conditions

In the previous sections, the model was evaluated and the input
parameters (1), T, p, E;) were calibrated on the basis of results of ex-
periments varying either fineness or temperature. In this section,
both fineness and temperature were modified, and the experimental
results obtained on cement A are compared to the model calibrated in
the previous sections.

4.4.1. Combining higher water/cement ratio, higher fineness of cement
and higher temperature

In order to evaluate the robustness of the model, the following
experiment was performed, combining a modification of temperature
and fineness: cement A-g-20 um was hydrated at a curing tempera-
ture of 60 °C. Since at this temperature it was very difficult to mix
cement with water at w/c=0.50, a higher water/cement ratio of
0.60 was used. The hydration degree was measured by XRD/Rietveld
analysis coupled with bound water until degree of hydration was
about 0.90.

The model developed in the previous sections was used to predict
the degree of hydration. The kinetics parameters and apparent activa-
tion energy determined previously (as for Fig. 12) were used. As
shown in Fig. 13, the model gives a very reasonable agreement with
the results from the experiment. Once calibrated, the model appears
to be able to predict simultaneous modifications of temperature, fine-
ness and water/cement ratio, which allows believing in a certain robust-
ness of the model.

4.4.2. Lower water/cement ratio

It is known that if the w/c ratio is below the stoichiometric value
needed for cement hydration, the hydration kinetics will be slowed
down [48] and the complete hydration of cement cannot be achieved
[49]. Fig. 14 compares the degree of hydration of cement A-g-90 um
cured at 20 °C, w/c=0.33 or w/c=0.50. The model gives satisfying
results up to about 70% hydration. The slow-down of hydration kinet-
ics at lower w/c, imputable to lack of space for hydration products or
to lower availability of water, cannot be captured by the model devel-
oped in the previous sections. The limit of validity of the model is not
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determined, but it seems relevant, in terms of w/c, between 0.50 and
0.60, and loses its accuracy somewhere below 0.50. More sophisticat-
ed models should be used for such situations, such as [31-34].

4.4.3. Temperature cycles

The model was used to model the impact of three temperature cycles
as described in Fig. 3. For temperature cycle 1, samples were precured at
20 °C for 1 h, then the temperature was increased to 60 °C within 2 h,
then kept constant at 60 °C until time of testing. Temperature cycle 2 is
similar to temperature cycle 1, except for the fact that the precure period
at 20 °Cwas extended from 1 h to 3 h. Temperature cycle 3 starts like the
temperature cycle 1 but after 6 h, the temperature was decreased until
20 °C within 2 h and then kept constant at 20 °C until time of testing.

Fig. 15 compares the experimental results (degree of hydration) and
the computed results. Again, the results from the model give good agree-
ment with the results from the experiment. As for the tests performed at
constant temperature, the model is able to capture very accurately the
impact of a non-constant temperature.

5. Discussion on the ‘uniform reacted thickness’ concept

A strong hypothesis used in the present study is that the reacted
thickness of each cement particle is independent of its initial size.
As demonstrated in Section 2.2, this hypothesis is equivalent to con-
sidering that the surface dissolution rate k(t) does not depend on
the radius of the particle. The experimental data generated in this
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study does not disprove this hypothesis, over a significant range of ce-
ment compositions, cement finenesses, water/cement ratios and tem-
perature histories.

No hypotheses were made concerning the mechanisms deter-
mining the dissolution rate k(t). However, if all particles, whatever
their size, exhibit a same surface dissolution rate, this leads to the
conclusion that the parameters driving the dissolution rate are
‘global’ and not ‘local’ — at least not radius-dependent. Dissolution,
driven by the concentrations in the interstitial solution (all particles
perceiving the same environment), could be one of these ‘global’
mechanisms. On the opposite, diffusion through the hydrates as-
semblage around the unreacted cement grains may depend on the
thickness of the hydrated layer, which is function of the initial ce-
ment particle size. The authors think that the examples generated
in this study do not permit to conclude on these mechanisms; how-
ever, it was shown that the ‘uniform reacted thickness' concept,
equivalent to a dissolution rate k(t) independent on the initial par-
ticle size, was sufficient to capture most of the experimental data
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generated in this study. Only real measurements of reacted thick-
ness could validate this hypothesis.

6. Conclusions

In this study, the effects of cement fineness and temperature on
kinetics of cement hydration were investigated, and modeled with
simple assumptions. The experimental and modeling results are sum-
marized below.

- For a same age, the hydration reaction was always faster when
the curing temperature was higher. This implies that a higher
temperature (up to 60 °C) will not limit the final degree of
hydration.

- A‘uniform reacted thickness’ concept was developed and applied
to model the dissolution of cement powder. This very simple as-
sumption states that at a given age, the reacted thickness of ce-
ment grains is the same for all grain sizes. The results show
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Fig. 13. Comparison between calculated (line) and measured (dots) degree of hydration
for cement A-g-20 um cured at 60 °C, w/c = 0.60.
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that such a simple hypothesis, integrated over the particle size
distribution of cement, can capture adequately the impact of ce-
ment fineness on the hydration kinetics.

It was shown that this concept is equivalent to the hypothesis that
the surface dissolution rate is independent on the initial particle
size (e.g. all unreacted surfaces of cement grains dissolve at the
same rate).

The effect of temperature on the rate of dissolution of cement can
be described very well by applying Arrhenius equation to the ki-
netics of surface dissolution (expressed here with the ‘reacted
thickness’ variable).

Moreover, with this formalism, the apparent activation energy can
be considered constant (independent of time and temperature,
from 20 to 60 °C). The fact that one can consider the apparent ac-
tivation energy constant over time makes the model easier to use
for practical industrial implications.

The model was evaluated in various conditions, and seems to
apply for a temperature range from 20 to 60 °C (constant temper-
ature or temperature cycle), for a cement fineness from d97 =20
to 90 pm, and w/c from 0.50 to 0.60. For lower w/c (e.g. 0.33), it
was shown that such a simplistic model is not able to capture
the changes in hydration kinetics due to lack of space or water.

The model appears promising and once calibrated for a given ce-

ment, can be used to assess the effects of cement fineness and tem-
perature on the rate of hydration. However, further work should be
done, based on this simple hydration kinetics model, in order to bet-
ter understand and model the impact of fineness and temperature on
the rate of strength development.
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Appendices
Uncertainty on estimation of reacted thickness

In this section we estimate the uncertainty induced when computing
the reacted thickness as a function of the experimental error on degree of
hydration «. Eq. (8) gives:

o-Gel, S lod 050 T) ®

where n stands for the number of measurements used to determine dh
(typically: n=3 for 3 different cement finenesses). From which, know-
ing the uncertainty on the degree of hydration doe=0.05 (at 28 days,
estimated on the basis of repeatability experiments), one can compute
dh. Finally, Table 3 gives some examples showing how dh depends on h.

Justification of the assumption of equality for the fitting parameters 1)
and p

Eq. (16) can be developed as:

Ty xT &)\ (p+1 h
E,(h=hy) =R-L"-2|Ln| 2 +(27> Ln<—Ln(—0>>
al o) T,—T, (177_1) D2 . Up)

() n(o)

In the following we consider T,>T; (the opposite hypothesis
would lead to symmetrical conclusions). We show below that if
11 #1) Of p1 # P>, then when the reacted thickness tends to its max-
imum value 7); or 1), the activation energy E, tends to = e, which is
not relevant.

In case 1;>1), as hy tends to 1,, we write hg=15(1—¢) with
O0<ée<<1.Then:

E~RT T2 i (2)

L () ) i) ()

Thusas e—0, EHZR%[Q’;—” x Ln(g) | ——e.

In case 11<1;, as ho tends oznl, we write ho=1(1—¢) with
0<ée<<1.Then:

() ()52 o]

Thus as -0, E,~R{Z7 [— (%) X Ln(s)} — 4w,

Table 3

Uncertainty on h (in um):.
h dh
0.10 0.03
0.20 0.04
0.50 0.07
1.0 0.12
2.0 0.23
5.0 0.80

Since activation energy cannot be infinite, then the only possibility
is that 17; =7, =m. Then Eq. (16) can be written as:

pptl_pyil

Eq(h = ho) :R%m E:_; (m(%)) (5)

Again, as ho tends to 7, we write ho=n(1—¢) with 0<g<<1.

Then :
T, xT &S
kg

Thus if p; > p,, as =07, E,— — «; otherwise, if p;<p,, E,— + .
We conclude that the only possibility is that p; =p, =p.

As a conclusion, if Eq. (14) can be used to fit the sets of experimental
data (reacted thickness) at two different temperatures T; and T, the
only case for which the activation energy does not tend to £ is
when1; =1, =mand p; = p, = p. These hypotheses have been retained
in this study.

) )
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