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Modelling the hydration process of Portland cement is a critical stage for predicting the mechanical properties
of cement-based materials, since the modelling results are actually the initial data for prediction models. Incorrect modelling
at this stage is high likely to lead to inadequate values of mechanical properties. The main difficulty of modelling is that
cement hydration is an extremely complex process, the features of which are still not clearly understood. This determines
the fact that hydration modelling is currently based on a phenomenological approach including a sufficient number
of coefficients depending on experimental results.

This paper presents basic principles of hydration modelling and analyses the most widely used models to estimate
the degree of cement hydration to identify their assumptions and limitations.
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Introduction. Cement hydration is a physical and chemical process of interaction between cement clinker phases
and water. The hydration process is a long time and extremely complex which is still considered from the point of hy-
potheses and assumptions. As a result of the hydration process, the microstructure of the cement paste with mechanical
strength is formed.

The microstructure of the cement paste is composed of individual phases such as unhydrated cement, hydrate
products and pores randomly distributed throughout its volume. The volumetric composition of these phases highly affects
the mechanical properties of cement-based materials, such as compressive strength and Young's modulus.

Currently, a widely used approach is that the mechanical properties of cement-based materials can be predicted
by a combination of the hydration model and micromechanical analysis, which originates from a representative elemen-
tary volume. The most significant part of the approach is a hydration model which evaluates the volume or volume fraction
of all phases of the cement over time as a function of a degree of cement hydration. Essentially, it is a starting point for
modeling the mechanical properties of cement-based materials and incorrect modelling at this stage may risk producing
inadequacy results.

This paper presents the modelling framework of Portland cement hydration over time including an analysis
of existing models to estimate the degree of hydration and volumetric composition of the cement paste at arbitrary time.

Hydration modelling. Actually, the cement hydration model is a complex model that integrates at least two parts:

1) Hydration kinetics of cement;

2) Predicting the volume (or volume fraction) of each phase of the cement paste over time.

Hydration kinetics of cement is described by the following evolution equations:

da
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where a — is degree of cement hydration;

r — is the radius of the cement particle;

t — is arbitrary time.

It should be pointed out that the function f may vary depending on a hydration stage.

In the first case, the rate equation refers to the overall kinetics model, in the second case to the particle kinetics
model [1]. The difference between the models is that the overall kinetics model neglects the particle size distribution
of cement.

The particle kinetics model is expressed in term of the rate of decrease in a radius of cement particles, in a way the
degree of cement hydration is determined as:

3
T
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where 1, — is the initial radius of the cement particle.

The basic equations (1) are often applied separately for each clinker phase or each cement particle in the cement
paste. In this case, the hydration degree of cement is computed as weighted mean:

o= Yiapm; ®3)
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where «a; — is the degree of the i-th phase of the cement clinker (alite, belite, aluminate, ferrite) or of the i-th cement
particle;
m,; — is the weight fraction of the i-th phase of the cement clinker or of the i-th cement particle.
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Predicting the volumetric composition of the cement paste can be done in a few ways:

1) Based on stoichiometry of hydration reactions [2], that makes it possible to determine the volumetric composi-
tion of all phases involved in hydration reactions. The volume of each phase is computed as a function of the molar
volume ratio of the phase to the clinker phase and the hydration degree of the clinker phase. This way is highly dependent
on the chemical reactions of hydration adopted for the clinker phases. One of the well-known sets of hydration reactions
which accurately reflects theories on cement hydration is presented in [3].

2) Based on the Powers model [4]. It is a simple approach using experimental data to compute the volumes
of unhydrated cement, hydrated solid, porosity, and chemical shrinkage as a function of the hydration degree of cement.

3) Based on the model of the hydrated cement particle [5]. The typical model of the hydrated cement particle
is a decreasing cement core around which a layer of hydration products is formed. Having taken the volume ratio
of unhydrated cement to hydration products, it is possible to compute the volumes of unhydrated cement, hydrated solid,
and porosity. This approach is computationally expensive due to lots of calculations required to check all particle inter-
actions. The main difficulty in such computations is the overlap of cement particles.

Hydration kinetics. As it has been mentioned, cement hydration is an extremely complex process which is still
not clearly understood. That is why all the existing hydration kinetics models are phenomenological and based on experi-
mental results. It should be understood that empirical models are designed to fit the experimental results and are not
necessarily accurately describing the hydration processes from a physical point of view.

The following models are currently most widely used:

1) The Avrami model [3] describes the nucleation and growth crystals at random locations in a porous media
at a constant rate:

% =q; ¢ -tot- e~ (@r(E=bH (4)
where a; — is the degree of hydration of the i-th phase of the cement clinker;

t — is arbitrary time, day;

a;, b;, and c; — are empirical constants of the i-th phase of the cement clinker, a in !

and b in day.
day®¢
2) The Bernard at al. model [6] describes the hydration process by normalized chemical affinity equations. The
expression of the normalized affinity depends on the physical process at the hydration stage.
Stage 1. Dissolution of the clinker phases:

9ai _ boi 04 _ 4 (5)
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Stage 2. Nucleation and growth-controlled hydration of the clinker phases:
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Stage 3. Nucleation and growth:
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where t; — is the characteristic time associated with the reaction, h;

to,; — is the duration of the induction period, h;

ag,; — is the degree of the hydration threshold of the i-th phase of the cement clinker at the end of the induction
period;

K — is the coefficient defining the reaction order;

k —is the rate constant, 1/h;

D — is the diffusion coefficient, cm?/h;

1y — IS the average initial radius of cement particles, cm;

a.r; — is the critical hydration degree corresponding to a critical thickness of hydration products formed around
cement particles;

(a; — ag,;)+ — is the positive part of the expression.

3) The Parrot and Killoh model [7] is similar to the previous one and describes the hydration process by empirical
expressions for three stages of hydration.

Stage 1. Nucleation and growth:

da; Kqi —n.
S =k (L= a) - (= In(l = )T ®
Stage 2. Diffusion:
alli _ . (1—ai)2/3
? — P2 1_(1_0_,1.)1/3' (9)
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Stage 3. Formation of hydration shells:

W= kg (L= @)™, (10)
where t — is arbitrary time, day;
Iy, ky;, and ks —are the rate constants of the i-th phase of the cement clinker, 1/day;

ny; and ng; —are the model parameters of the i-th phase of the cement clinker.
A lowest value of % is considered as the stage rate.

4) The Tomosawa model* describes the hydration process of a single cement particle, dividing it into three stages:
a dormant stage, a phase boundary reaction stage, and a diffusion stage:

OTin i Cu* 1
d= Y p‘zlv : T T ) (11)
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where 73, ; — is the radius of the inner unhydrated core of the j-th individual cement particle, um;

t —is arbitrary time, h;

p. and p. — is the density of water and cement respectively, m%kg;

C,, — is the water concentration at the outer region of the gel;

v — is the stoichiometric ratio by mass of water to cement;

Tout,j — IS the radius of the outer hydrated products of the j-th individual cement particle, pm;

D, — is the effective diffusion coefficient, pm?/h;

k4 — is the effective mass transfer coefficient, um/h;

k, — is the coefficient of reaction rate of cement, um/h.

5) The Navi and Pignat model [8] also describes the hydration process of a single cement particle, in which the
rate of reduction of the radius of the inner core is controlled by two hydration mechanisms.

Phase boundary mechanism:

i) = —fy. (12)

dt

Diffusion-controlled mechanism:

arin,j _ 1
= ke p— (13)
where k, and k, — are the rate and diffusion constants respectively, k; in pm/h and k, in pm?h.

As can be clearly seen from the mathematical expressions of the presented models, all of them include a sufficient
number of empirical constants needed to fit the experimental results.

The Avrami model is best suited to describe nucleation and growth reactions and is poorly suited to describe the
hydration process of Portland cement as a whole. It provides with a simple kinetic model that allows good fits for kinetics
for the initial stage of the hydration process up to about one day [3].

The Tomosawa and Navi—Pignat models assume that the cement particles are spheres, which is a considerable
assumption. These models have high computational complexity, which increases with an increase in the number of spheres
in a representative volume. Moreover, the particle radii are determined from the particle size distribution, which is approxi-
mated by a probability function (commonly the Rosin—Rammler distribution). This makes it necessary to predetermine
parameters of the distribution function fitting to the fineness of cement.

The similar problem is shared by the Bernard at al. model, which depends on the average initial radius of cement
particles. Furthermore, the recommended kinetic parameters of the model are strictly related to the fixed average radius
of 5 pm.

The Parrot—Killoh model does not depend on the radius of cement particles, but at the same there is no nuclea-
tion growth step for belite, and no diffusion-controlled step for alite and belite when using the recommended model
parameters [9].

Adjustment of hydration kinetics. The serious problem of existing hydration models is that they do not consider
some physical phenomena that heavily affect the rate of the hydration process.

Three main phenomena can be distinguished: temperature, available capillary water (or relative humidity in a pore
space), and the available pore space for the deposition of hydration products. In addition, the fineness factor should
be introduced in overall kinetics models (the Avrami and Parrot—Killoh model).

! Maruyama I., Matsushita T., Noguch T. Numerical modelling of Portland cement hydration / I. Maruyama, T. Matsushita,
T. Noguch // International RILEM Symposium on Concrete Modelling, Delft, 26-28 May 2008 / Delft University. — Delft, 2008. —
P. 155-162.

47



2024 BECTHHUK IIOJIOLIKOI'O 'OCYAPCTBEHHOI' O YHUBEPCUTETA. Cepusi F

In view of the above, the follow expression can be written to adjust for the hydration rate:
aa\' _a
(5e) =50k ko hepor “Kpm, (14)

where (‘Z—‘:) — is the adjusted hydration rate;
ky — is the temperature correction factor;
k,, — is the correction factor for available free (capillary) water;
k.o — is the correction factor for available pore space;
k¢, — is the fineness correction factor.
Influence of temperature on hydration Kinetics is well described by the Arrhenius law [7].
The effect of available free water on hydration kinetics can be described by the following ratio:

_ Vcap(t)
kw - Veap(t=0)’ (15)
where V., (t) — is the volume of capillary water in the cement paste at any arbitrary time t;
Veap (t = 0) —is the initial volume of water in the cement paste.
In turn, a similar ratio describes the effect of the available pore space:

_ _sA®
Kpor = SA(t=0)’

(16)

where SA(t) — is the available surface area of cement particles at any arbitrary time ¢, m?;

SA(t = 0) —is the initial available surface area of cement particles, m?.

The effect of cement fineness in particle kinetics models is controlled by the particle size distribution, in overall
kinetics models by the following ratio:

FN
kep = .
fn FNref

(17)

where FN — is the actual fineness of cement, kg/m?;

FN,.s — is the reference fineness of cement, kg/m?.

The determination of the factor k,, and k,,, is associated with certain difficulties. Firstly, the factor k,, can
be determined in the two previously mentioned ways: using the Powers model or stoichiometry of hydration reactions.
These ways determine the volume of capillary water in the cement paste only for sealed conditions and do not consider
the moisture diffusion and evaporation into the environment. Actually, the sealed conditions can be considered if the
water to cement ratio is about less 0,35, otherwise the factor k,, should determine jointly with modelling of moisture
transport in the cement paste.

Secondly, the factor k. can only be determined if the geometric shape and size of cement particles are known.
In fact, using particle kinetics models (the Tomosawa and Navi—Pignat model) is the only way to directly determine k..
In cases of using the overall kinetics models, there is no over way to determine k., than by co-modelling of hydration
kinetics and microstructure development of the cement paste. The advantage of this approach is a possibility of using
computationally simple microstructure models, such as the Unit Cell model [4], instead of a polydisperse system of cement
particles.

Modelling results. Numerical simulation of hydration kinetics models described above has been carried out. The
aim of simulation is to estimate the basic hydration degree over time without the influence of correction factors, in order
to clearly show significant differences of the presented models.

The recommended parameters in equations (4)-(13) were taken from the original references to the corresponding
model.

Characteristics of the cement paste used in numerical simulation: cement content: 370 kg/m®; water content:
185 kg/m?; the density of cement: 3150 kg/md.

Numerical simulation of particle hydration kinetics models was carried out for a single spherical particle in order
to reduce a number of calculations. The particle radius was determined as the expected value of the Rosin-Rammler
probability distribution. The parameters of the Rosin-Rammler probability distribution as a function of the cement fine-
ness were taken from [1].

To predict the volumetric composition of the cement paste, the Powers model was taken with the parameters pre-
sented in [4].

The modeling results are presented in Figures 1-3.
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Figure 1. — The comparison of the hydration degree over time in the overall kinetics models
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Figure 2. — The comparison of the volumetric composition
of the cement paste in the overall kinetics models (beginning)
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Figure 2. — The comparison of the volumetric composition of the cement paste in the overall kinetics models (ending)
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Figure 3. — The comparison of the hydration degree over time in the particle kinetics models

Conclusion. We can make such conclusions.

1. Cement hydration is an extremely complex process, so there is no generally accepted model for predicting it.

2. The existing hydration kinetics models are phenomenological and include a sufficient number of coefficients
depending on experimental results. It should be attentive to their values, since changing even one value can significantly
affect the final result.

3. The overall hydration kinetics models are computational simple and the most suitable for determining the volu-
metric composition of the cement paste. The particle kinetic hydration kinetics models are computational complexity and
based on a significant assumption about a spherical shape of cement particles. They are most suitable for determining the
pore size distribution of the cement paste.

4. The use of overall hydration kinetics models is highly recommended by co-modelling with models of micro-
structure development of the cement paste. This makes it possible to take into account the parameters of the porous space,
producing more accurate values of the hydration degree. Moreover, it is a very flexible approach making the modelling
of cement hydration more realistic by using not only spherical models of microstructure development, but also discrete
ones with random morphologies.
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Hocmynuna 28.11.2023
OCHOBHBIE NPUHIUIIBI MOJAEJIUPOBAHUSA THAPATALIUU HOPTIAHAUEMEHTA

kano. mexn. Hayk B.B. KPABYEHKO
(Bpecmckuii 20cy0apcmeenHblil meXHUYeCKUll YHueepcumem,)
vvkravchenko@g.bstu.by

Mooenuposanue npoyecca euopamayuu nNOpMIAHOYEeMEeHMA ABIAENCI KIIOYEEbIM IMANOM NPOSHOSUPOBAHU Me-
XAHUYECKUX CGOUCME MAMEPUALO8 HA OCHOBE YeMeHMA, NOCKOAbKY Pe3yabmanmbl MOOEIUPOBAHUs HaKxmuuecku s6is-
I0MCA UCXOOHBIMU OAHHBIMU OJIA MOOenell npo2Ho3uposanus. Hexoppexmnoe mooenuposanue Ha 3mom smane ¢ 8blCOKOU
8EPOAMHOCMbIO NpUGeOem K HeaoeK8amHbIM 3HAYEHUAM MeXanudeckux ceoticme. OCHO8HAS MPYOHOCHb MOOEIUPOBAHUSL
cocmoum 6 mom, 4mo 2uopamayus yeMeHma npeocmagisiem coooll Ype3guluatio COACHLIL NPOYecc, KOMOopblil 00 CUX Nop
00 KoHYa He usyueH. Imo obycaasnueaem mom Gaxm, ymo MoOeIuposanue cUopamayuy 8 Hacmosuee epems basupyemcs
HA (eHOMEHON02UHeCKOM NOOX00e, 3a8UCAeM Om KOIPPUYUeHMO08, Onpedeiemvlx U3 IKCNePUMEeHMANbHbIX OAHHYIX.

B dannoti cmamve npedcmaegnenvt OCHOGHbIE NPUHYUNBL MOOEIUPOBAHUS 2UOPAMAYUY NOPMIAHOYEMEHMA U npo-
AHANU3UPOBAHbL Hauboee WUPOKO UCNOIb3YeMble MOOeU OJiA OYeHKY CIeneHu 2uopamayuy yemeHma, 4moovl yCmaHo-
6UMb UX OONYUWEHUS U O2PAHUYEHUSL.

Knioueswvie cnosa: nopmianoyemenm, KUHemMuKa uopamayuu, 00beMHbulll COCMag, MOOeIUpoBaHue.
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