Modeling of hydration of cement-based composed binders:
phenomenological approach
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1. Introduction

As the use of composed binders instead of pure clinker is increasingly
being recommended for durable construction, accurate knowledge of the
hydration development of these new binders is necessary to correctly
predict early age behavior of structures. Models described in the literature
use separate laws for clinker and for the reactions of additions. For
instance, De Schutter [1] propose s a model of hydration for cements
composed of clinker and slag and Kishi [2] models hydration for cement
mixed with fly ash. These models reproduce the combined hydrations of
these species well, but do not explicitly take account of the effect of water
content on hydration. This effect is nevertheless very important since it
modifies not only the final degree of hydration [3, 4], but also the hydration
kinetics. It cannot be neglected for a realistic prevision of concrete
hydration in structures. These considerations led us to develop an original
composed-binder hydration model able to take account of coupling with
the effects of water content variations.

2. Chemo-physical observations

The hydration kinetics is the result of two antagonistic physical
phenomena. On the one hand supersaturation of the interstitial solution
accelerates hydrate precipitation [5] and thus increases the global
hydration kinetics. On the other hand, as hydration reactions are possible
only if water and reactive ions are present, the hydration kinetics is
decreased by the difficulty of contact between water and anhydrous grains
surrounded by a hydrated layer.

In the first stages of hydration, as only a few solid hydrated phases have
been produced, the hydration kinetics is mainly driven by supersaturation.
Then, beyond a critical degree of hydration, a decrease of the kinetics due
to hydrate formation will become preponderant as, with the increasing
degree of hydration, the hydrate layers surrounding the anhydrous grains
progressively separate the reacting anhydrous phase from the water.



Some authors [3, 4] note another consequence of hydrate formation. The
hydration kinetics is also reduced by the closing of pores and hydration
reactions can even be stopped if there is not enough space available for
hydrate development (closed porosity).

The case of water content effects on hydration development is more
complex. In the first stages of hydration, low water content accelerates
supersaturation of the interstitial solution and consequently the hydration
kinetics. Then (at ages of 1 day and beyond [6]), low water content
reduces the hydration kinetics and can even stop reactions.

3. Equations

In addition to these chemo-physical effects, reactions of dissolution and
hydrate formation are modified by environmental conditions (temperature
and relative humidity of the surrounding air for instance). This leads us to
propose a multiphasic model able to reproduce all these interactions
between environment and hydration. The evolution of hydration degrees
(Eq. 1) is thus coupled with the water mass balance equation (Eq. 2) and
heat balance equation (Eq. 3).
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Where: - X = (X, »&, %% ) and (i=1—clinker, i=2..n—pozzolanes)
- a, is the degree of hydration of phase "i"

- W is the total water content of concrete
- D, is the water transfer coefficient

- Oy . is the water needed for total hydration of phase "i"
- T is temperature
- | is thermal conductivity
- r and ¢ are concrete density and specific heat

- O, is the heat produced by complete hydration of phase "i

The hydration law modeled by the function 1'7 represent s the reaction
kinetics of each of the binder components (clinker, fly ash, silica fume ...).
According to the chemo-physical considerations presented in the previous
paragraph the following equation (Eq. 4) is proposed.
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Where A is a fitting parameter linked to the acceleration of the reaction
kinetics due to supersaturation.



3.1. Chemical activation

Thus, we propose first a function modeling the particular effect of water in
the first stage of reactions: function c; represents the chemical activation
due to supersaturation of the interstitial solution.

It is assu med that the activation of kinetics increases linearly with the
hydration degree, which leads to the following expression for c; (Eg. 5). In
other words, we suppose that the ratio between dissolution speed and
reactive consumption speed is in favor of supersaturation.
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Where: -V, is the volume of dissolved anhydrous phase "i"

= V.0, is the initial volume of anhydrous phase "i"

- V,, is the volume of water

3.2. Water accessibility to anhydrous phase

The function II;in Eq. (4) expresses the decrease in hydration kinetics
occurring due to a sufficient degree of hydration.

The chemo-physical observations developed in paragraph 2 highlight the
fact that it is the accessibility of water to the anhydrous phase that governs
the hydration kinetics decrease. The notion of accessibility combines the
influences of water content, porosity, and thickness of hydrate layers.

We chose to model the decrease in hydration kinetics caused by difficulty
of contact between the anhydrous phases and water by a single
parameter I1 defined as a function of the mean normalized distance

between these two phases (7, ).
This function will become preponderant against increasing function c¢ for
sufficient degrees of hydration.
P =expl B3, ") (6)
Where: - B, and n, are calibration parameters
- 1, is defined in Eq. (7) as a function of water content, porosity

and solid phases present in the paste.

Inspired by the physical considerations presented in paragraph 2, we
chose the following expression (Eq. 7) for the normalized mean distance
separating water and an anhydrous phase.

The numerator represents parameters decreasing the kinetics while the
denominator contains parameters increasing it.
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Where: - Coar, is the volumetric concentration in paste of hydrate

produced from anhydrous grains of phase "i"
- F, is the porosity of the paste

-C is the anhydrous volumetric concentration in paste

Panhi
- W, is the volumetric concentration of water in paste

The volumetric concentration of hydrates and the anhydrous phase are
determined using Egs. (8) and (9).
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Where - R, is the volume ratio between hydrates and anhydrous phases
for the species "i"

-V .. . istheinitial paste volume (water + anhydrous phases)

paste j;

Paste porosity is determined by Eq. (10).
F P = 1 - a (CPhydrl- + CPanhl-)(1O)

It is interesting to note that it was necessary to use individual parameters
in function c; (Eqs. 4 and 5) in order to reproduce the response of each
anhydrous phase to the effects of this activation of kinetics. In contrast,
the function P, (Egs. 4, 6 and 7) models the facility of contact between
water and the anhydrous grains and uses some parameters which are
common to all anhydrous phases. The decrease in hydration kinetics is
due to the limitation of water microtransfer (global parameter) between the
porosity (global parameter) and the residual anhydrous phase.

3.3. Thermal activation

Temperature effects on the hydration kinetics are taken into account
through the function 4, (Eq. 4). For this purpose, Arrhenius' law (Eq. 11),

traditionally used to describe the influence of temperature on many
chemical and physical processes [7], is applied.
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Where: - Ea;is the activation energy of phase "i"
- R is the gas constant (8.314 J/mol.K)

h, = exp?



3.4. Delaying effect of pozzolanic additions

In the case of pozzolanic component hydration, the reaction kinetics
depends on the kinetics of the primary reaction. Indeed the pozzolanic
reaction is a secondary reaction which combines the anhydrous phase
with portlandite produced by clinker primary reaction.

This interaction between primary and pozzolanic reaction is modeled by a
dependence of the pozzolanic hydration kinetics on the portlandite content
in the paste (Eq. 12).

G,y 1fi=pozzolanic component

|1 ifi =clinker
Where C, , is the volumetric concentration of portlandite in the paste.

g; 12)

This portlandite concentration is reevaluated at any calculation time by
adding CH production by clinker hydration and deducting CH consumption
by pozzolanic additions.

4. Calibration principle

The hydration kinetics law parameters of each anhydrous phase were
determined using a quasi adiabatic test performed with a Langavant
calorimeter. For calibration, a least squares method was used to
determine the material parameters that allowed the experimental hydration
heat curve to be reproduced. Thus, a calibrated law was obtained by using
only heat cumulated results of the quasi adiabatic test on the chosen
binder, results which could be provided in future by cement
manufacturers.

Moreover, as the phenomenological law leads to only three calibration
parameters (A, B; and n; in Egs (4) and (6)) which differently influence the
response of the model, the least squares fitting method allows a precise
calibration, whatever the initial values that may be chosen for these three
parameters.

5. Model validation

5.1. Temperature evaluation on massive structure in situ

The first validation of the multiphasic model proposed was the
temperature prediction of a 27 m® concrete block in situ, equipped with

sensors at its core. The test was performed using a CEM | based concrete
with the formulation shown in Table 1.



Cement (CEMI 42,5N) 210 kg/m®

Fly ash 140 kg/m®

Sand 0/4mm 763 kg/m®

Gravel 4/16mm 567 kg/m®

Gravel 16/32mm 574 kg/m®
Plasticizer 4 kg/m®

Effective water 131 kg/m®

Table 1: Concrete formulation

As this formulation uses composed binder (clinker + fly ash), it is
appropriate for the validation of our multicomponent hydration model.

The hydration law parameters of the two anhydrous phases were
calibrated on this cement type using the method presented in paragraph 4.
The fitting parameters are given in Table 2.

Clinker Fly Ash
, A 1.10E5 1.32E12
Cf‘/g?{:aefd B, 1.565 7.139
n, 0.531 0.172

oi (kg/m®) 3224 2200

Ri (m¥md) 1.83 1.94
Ea/R (K™ 3200 6800 [8]

Table 2: Hydration kinetics model parameters (Eqs 4 to 10)

As seen in paragraph 3, the hydration law is coupled with a heat balance
equation and a water mass balance equation. The thermal and hydric
characteristics of the concrete block are thus needed for a coupled
simulation. The characteristics used for our formulation of concrete are
shown in Tables 3 and 4.

A 6480 JI(h.m.K)
pC 2190 kJ/( m®.K)

Q"y, clinker 437 Jig

Q" fly ash 570 Jig

Table 3: Thermal characteristics of concrete



Although the formwork and a humid cure prevent hydric transfer between
structures and the environment, water movements can occur in concrete
blocks. Water consumption by hydration may be different if there are
hydration gradients in the structure caused, for instance, by temperature
gradients. These movements are managed by Eq. 2 in which Dw is a
hydric diffusion coefficient. This coefficient governing water transport is
strongly dependent on the moisture content of the pore system. Xi [9]
reported this nonlinearity and proposed expressing the diffusion coefficient
Dw as a function of relative humidity (y ).

Dy )= Dy i +ardi- 27 ))(13)

Where Dy, a and b are model parameters presented in Table 4.

Q%4 clinker | 0.32 X M ginker | MM

QY flyash | 0.75xmp | m¥m?

Duwo 1E-11 m?/s
a 6 0]
b 2 (]

Table 4: Hydric characteristics of concrete

The calculations on the structure were performed by implementing the
model in the finite element code CASTEM2000 [10]. Figure 1 presents a
comparison between model results (curve) and measurements (squares)
for the concrete block core temperature variation. It shows that the
temperature variation is quite well reproduced by our model.
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Figure 1: Temperature variations of concrete block core : comparison
between experiment (squares) and model (curve)



5.2. Water effects

The relevancy of the proposed multiphasic model was also tested with
regard to the prediction of the maximum hydration degree reached by
CEM | type cement when it was mixed using different water-to-cement
ratios. A comparison was made between the experimental results
obtained by Waller [11] and the simulation ones.

Numerical simulations were performed so as to reproduce the
experimental conditions used by Waller (adiabatic and autogenous
conservation) and for 13 different W/C ratios. The maximum hydration
degrees reached are plotted as squares in Figure 2. The curve also
present on this figure represents the empirical law fitted by Waller on his
numerous experimental results.
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Figure 2: Variation of maximum hydration degree versus W/C ratio: model
results (squares) and empirical law [11] (curve)

Figure 2 shows that the hydration law, which was only calibrated on 3
days of quasi adiabatic testing performed using the advocated W/C ratio
of 0.5, leads to a maximum hydration degree that matches the empirical
law fitted by Waller.

It is interesting to note that the hydration law reproduces this hydration
limitation well without explicitly using a factor amax to represent the
maximum value of hydration degree, which would have to be given as
input data (no possibility of modifying it after casting, by rehydration for
instance) [1, 11].

For the model proposed, the water accessibility function (I1(rm)) implicitly
allows the model to adapt the hydration development to different W/C
ratios so as to reach a higher or lower final hydration degree.



It thus also allows the hydration degree to be limited by a parameter other
than water, such as decreasing porosity. Moreover, it allows localized
hydration development to be changed (even stopped) by desiccation or
modified by rehydration.

6. Complementary analysis
6.1. Water effect on hydration kinetics
Figure 3 plots the variations in clinker hydration degree obtained by

simulations made with three different water-to-cement ratios (0.4, 0.5, 0.7)
in the same curing conditions (autogenous and adiabatic conservation).
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Figure 3: Clinker hydration development for 3 different W/C ratios

In this figure we first note that, after approximately 15 hours, higher W/C
ratios give higher hydration degrees, which is conventionally accepted [6].
On the contrary, before 15 hours, a slight increase in hydration kinetics is
observed for decreasing W/C ratios. This phenomenon was noticed by
Mounanga [12] for low W/C ratios. It can be explained, as seen previously,
by supersaturation of the interstitial solution.

Even though this slight modification of initial kinetics does not really affect
the temperature field in a massive structure, it is interesting to note that
our model reproduces this effect during the early stages of hydration.



6.2. Mineral addition effects

Figure 4 presents the hydration kinetic laws for clinker, expressed
according to its hydration degree. The two curves were obtained by
simulating two adiabatic tests: the first on a pure CEM | binder and the
other on a fly ash composed binder (60% clinker and 40% fly ash).
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Figure 4: Variation of clinker hydration kinetic law with hydration degree

Figure 4 shows that clinker hydration kinetics is reduced by the partial
replacement of cement by fly ash. It also reveals a delaying effect of fly
ash on clinker hydration, the kinetic peak being observed for a=0.14 in the
case of composed binder instead of 0.12 for pure clinker.

This delaying effect has been illustrated experimentally by Schindler [13]
and is explained by a consumption of water by the fly ash reaction with
portlandite. It highlights the fact that the multiphasic model reproduces the
interaction between the reactions of clinker and the additions.

Figure 5 shows the variations of temperature obtained by numerical
simulations performed on the concrete test block (27 m® cube) used for
model validation. Two simulations were performed in order to evaluate the
influence of cement replacement rate on temperature development in a
massive structure.
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Figure 5: Effect of binder composition on concrete block core temperature

As expected, partial replacement of cement by fly ash reduces the
maximum temperature. But the simulation also confirms slower heat
development kinetics due to this substitution, as highlighted in Figure 4.

7. Conclusions

This paper is a contribution to the modeling of cementitious material
hydration development. The originality of the proposed model is its
aptitude to model the hydration of multicomponent binders in realistic
conservation conditions (in situ). Indeed, the multiphasic approach allows
strong coupling between the hydration development of several species
and the temperature and water content of the concrete structure. It was
validated, for a binder composed of clinker and fly ash, by temperature
measurements on a structure in situ. It was also shown that the model
reproduced the effects of initial water content on hydration well. In
particular, the maximum hydration degree that can be reached by clinker
is estimated with confidence.
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