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Abstract. The evolution of the mechanical properties of concrete depends greatly on the hydration of the
component binders such as cement and mineral additives. However, the prediction of the hydration degree
of these binders is extremely difficult due to the complex physic-chemical mechanisms at the molecular
level. In this article, the author proposes to use a multiphasic model that considers hydration development
and chemical interaction between reactions while taking into account temperature and water content effects
on reaction kinetics. The main goal of this study is a semi-adiabatic calorimetry test was applied to
determine the input parameters by measuring the heat release during hydration. Based on the test results
shown the application of three cases of blended cement paste samples is considered to show the efficiency
of the model. Overall, thermogravimetric analyses and its derivative are applied to verify the delay effect of
pozzolanic reactions on the hydration degree induced by portlandite content in the paste.

Citation: Nguyen, T.D., Tang, V.L. Multiphasic modeling of hydration degree for blended cement pastes
by using calorimetry method. Magazine of Civil Engineering. 2025. 18(8). Article no. 14005. DOI:
10.34910/MCE.140.5

1. Introduction

Cement hydration is a process that consumes water and releases heat, accompanied by complex
thermo-hydric mechanism of multiphases [1-3]. This process has important influence on the formation and
evolution of the mechanical properties of cement paste at early age. However, the prediction of hydration
degree and its evolution is extremely difficult due to the complex reaction mechanisms at the molecular
level, especially when the paste contains some mineral additives (silica fume (SF), fly ash (FA), slag, etc.).
In addition, the experiments that measure these quantities requires the modern and expensive equipment
[4-6]. In order to resolve these difficulties, the numerical models are proposed to predict the evolution of
hydration degree as well as the mechanical properties of cement mortar [7—18]. Several models that using
separate global laws for the reactions of clinker and additions [11, 12, 14] reproduce the combined
hydrations of these species but do not take account of the effect of water content on hydration. However,
this effect explicitly cannot be neglected for a realistic prevision of mortar hydration in a structure. Some
other authors report this essential effect and propose models coupling hydration development and water
content variation in structures [17—19] as well as integration of hydration laws for mineral additions [15, 16],
but this asymptotic approach cannot take account of the desiccation or rehydration effects during hydration.
Wang and Lee [6, 7] proposed a shrinking-core model which considers the influences of the water/cement
(W/C) ratio, cement compound compositions, and capillary water contents to simulate blended cement
hydration. In this hydration model, the reaction of FA and slag is separated from that of cement hydration
by considering the production/consumption of portlandite in cement paste. A similar approach to treat the
reaction of slag separately from that of cement hydration is also proposed in [8]. The hydration of FA in
blended cement is studied by Kinomura and Ishida [9, 10] who considering morphology and intrinsic
properties of precipitated C-S-H gels due to pozzolanic reactions. An extensive modeling for continuous

© Nguyen, T.D, Tang, V.L., 2025. Published by Peter the Great St. Petersburg Polytechnic University.


https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-8515-8469
https://orcid.org/0000-0002-4857-835X

Magazine of Civil Engineering, 18(8), 2025

hydration in pozzolanic micro-pore structures to consider the slow-down reaction is also proposed in that
model.

In this article, the authors propose using an effort multiphasic model proposed by Lacarriére [1, 5] to
predict the hydration degree of the blinder composed. This modeling considers hydration development and
chemical interaction between reactions. It also takes into account temperature and water content effects
on reaction kinetics through thermal and hydric activation. The input parameters of the model are
determined based on the chemical analysis of cement and mineral additives as well as the measuring of
heat hydration by using Langavant calorimeter [18, 19]. The model is tested for the pure cement and
blended cement paste (with FA and SF additives). Thermogravimetric analyses (TGA) and its derivative
(DTG) are also applied to verify the delay effect of pozzolanic reactions on hydration degree induced by
portlandite content in the paste.

2. Methods
2.1. Hydration Degree and Multiphasic Modeling of Hydration

In the frame of hydration kinetics, the hydration of cement as well as mineral additives is a process
that consumes water and releases heat, accompanied by heat and water balance mechanisms between
phases. The variation of water content and temperature inside the cement mortar during hydration affect
the dynamic hydration process of the component phases (hydro activity and thermal activity). Thus, the
multiphasic model of hydration should be established based on the equations, which describing the
development of hydration degree, water content, and temperature. A delaying parameter is also added in
the case of secondary reactions such as pozzolanic ones when we consider the hydration of a binder
composed. It depends on the amounts of some primary reaction products (such as portlandite for
pozzolanic reactions).

According to [1, 5], the equation describing the development law of the degree of hydration is
proposed as a function of the influence coefficients as follows:

0‘1'=Aixci(ai’W)XHi(%)Xhi(T)ng (1)
where:

- 0, is the degree of hydration of anhydrous phase “i” (clinker or additives), which refers to the

development of chemical reactions between clinker, pozzolanic or mineral additions, and water.
This variable is defined as the mass of anhydrous substance, which has reacted per unit volume
divided by the initial mass, or indirectly by the ratio of heat release during the hydration and the
maximal heat released when mortar completely hydrated.

- 4; is afitting parameter linked to the acceleration of the reaction kinetics due to supersaturation,
which determined by experiment of Langavant calorimeter.

- G (Otl-,W) is chemical activation:

mAni
Vv Qa; X o
Andiss; An;
Cl (OLI,W) = ; 155 = V " , (2)
w w

where: V7, is initial volume of water; m 4, is initial mass of anhydrous phase “i”; p 4, is anhydrous
1 1

“ 2,

density of phase “17; VAndissl« is volumetric concentration in paste of dissolved anhydrous phase “i”.

~ I (T) is thermal activation:

E,
h (T)=exp RxlT , (3)

where: Eai is the activation energy of phase “i”; R is the gas constant (8,314 J/mol.K).

- Hl(a) is hydration function, which models the water accessibility to anhydrous phases:
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Hi(rmi):exp(BixrrZ')’ (4)
where: B; and n; are fitting parameters, which determined by Langavant experiment; E is a function
(i.e., dissolution radius) of water content, porosity and solid phases in the paste:

1
. CPhydrl- Xq)i
ry = —————L (5)
CPanhl- x WP

In which, Wp is the volumetric concentration of water in the paste; @ p is porosity of paste; Cphydri

is the volumetric concentration of hydrate produced from grains of phase “i”; Cpanh_ is anhydrous

volumetric concentration in paste:

(DP =1- Z(CPhydri + CPanhi ); (6)
i
M yp, 1
Chhyar, = Ry X 0y X ——X ——r) @)
pAnl- paste,;
and:
M gp,

—_— (8)

”

CPanhi = (1 —Q; ) X
paste;,; X pAni

where: R; is volume ratio between hydrates and anhydrous phase for the species “i” (cement or FA);
V

aste.. 1S the initial paste volumetric concentration in paste.
pastey;

- g, is a factor delaying the hydration kinetics for pozzolanic constituent reactions depending on
primary reactions;

g = CpCH if i # clinker ( CpCH is the volumetric concentration of portlandite in the paste);

g; =1if i =clinker.

The schema of calculation formulas is summarized in Fig. 1. Note that input parameters in the model
(except water content) are interpreted for each individual anhydrous phase “i”.

The principles to determine the input parameters are introduced in Fig. 2. In this numerical model,
the water content and anhydrous content are fixed for each studied sample. The parameters of clinker
cement are determined through analysis of chemical composition (Bogue’s composition) [22] and chemical
reactions accompanying the hydration process [1]. On the other hand, the mineral additives parameters
are calculated or referenced from literature (the detailed calculations are presented in [23]). Particularly,

the fitting parameters of the model 4;, B;, n were determined by the Langavant test.
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Figure 2. Determination of input parameters.
2.2. Calorimetry Method and TGA
2.2.1. Langavant Test

Langavant test for the heat of hydration of the cement method is semi-adiabatic calorimetry according
to EN196-8, which consists of introducing a fresh cement specimen into an isolated Dewar flask (Fig. 3)
and monitoring the temperature changes within the specimen during the first early days. After a certain
time, the heat of hydration of the cement content in the sample is equal to the sum of the heat accumulated
in the flask and the heat emitted to the environment during the test period. The temperature of the mortar
is compared with the temperature of an inert sample placed in a reference calorimeter flask. Depending on
the type of cement, in general, the heat emitted is from about 200-500 J / 1g of cement.
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Figure 3. Schematic diagram of a Langavant calorimeter [20].

By the measuring of heat release during the hydration Q(t), the degree of hydration at each time

oc(t) could be determined such as:

(1) =20

==,
Ormax (9)

where anax is heat release of complete hydration. The parameters 4;, B;, n were determined by fitting
the numerical curve and experimental curve of heat release and using the least squares method to calibrate.

3.1. TGA

TGA is a technique for measuring very small variations in mass under high gradient temperature
which permit to quantify the portlandite content of the cement paste. During a TGA test, the decomposition
of cement hydration products is manifested by the weight loss curve and endothermic peaks on the heat
flux curve. The representation of the weight loss in the form of its time DTG shows the correspondence
between the DTG peaks and those of heat flux.
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Figure 4. Weight loss of a cement paste sample during a TGA test [24].

Fig. 4 shows the typical result of a TGA test on a cement paste [24]. There are three major phases
during the test and the second pic of weight loss correspond to the decomposition of portlandite, which
is produced between 400 and 600 °C. This decomposition leads to an evaporation of chemically bound
water and the mass content of portlandite in the mortar can be calculated from the following expression
(10):
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B |:Am400°C—>6OO°C (1)+ M 4,400° C—>600°C (t)J Mcq(om), ]
Mca(OH), (1)= SY; s (10)
Myotal H,0

where: Am is the weight loss of the sample between 400 and 600 °C [kg];

400°C—600°C (t)

md,4000C—>600°C (t) is the mass drift correction of the device between 400 and 600 °C [kg];

My, - the mass total of sample [kg];

MCa(OH)2 and MHZO are consequently the molar mass of portlandite and water [kg mol-"].

3. Results and Discussions

In this report, three cement paste samples were made using CEM | 52.5N cement (France Standard)
with the water/binder (with or no mineral additives) ratio chosen as W/B = 0.5. The first one is pure cement
paste (100 % cement), the next is mixed cement paste with FA (70 % cement and 30 % FA), and the last
one is mixture of 70 % cement and 30 % SF. The chemical compositions (%) of these materials are given
in Table 1.

Table 1. Chemical compositions of cement CEM | 52.5N, FA, and SF (%).

Types of materials CaO SiO2 Al203 Fe203 S0O3
Cement 64.66 20.20 5.23 2.26 3.69

FA 1.00 60.76 29.72 3.49 0.09

SF 3.68 85.49 0.13 0.45 0.05

The input parameters of model are calculated or referenced from literature and showed in Table 2.

T
Note that the quantity of heat released by the complete hydration Omax of clinker cement could be
determined directly from the Bogue’s composition and the theoretical heat releases associated with each

anhydrous [25] while the activation energy E ; of clinker cement is identified by the formulas of Schindler
[26]. On the other hand, these parameters of FA and SF are all extracted from document [15]. The others

parameters of model such as QZ (the quantity of water necessary for complete hydration of each

anhydrous species), R (the volume ration hydrate/anhydrous), and Q. (the quantity of portlandite

produced/consumed by clinker hydration or pozzolanic reactions) are determined by considering the
chemical reactions and also the type of hydrate product when hydration occurs [1, 2]. The detailed formulas
of calculation procedure can be found in [23].

Table 2. Input parameter of binder compose.

Parameters Cement FA SF
Qmax (J/g) 453.9 560 845
EailR (K) 5669 12000 11600
Q" (g9/g) 0.33 0.64 0.8
QcH (9/9) 0.27 -1.51 -1.37
R (m%m3) 1.85 0.6 0.64
p (g/cm?3) 3.153 2.2 2.2

Table 3. Fitting parameters by calibration of model for each phase.

Parameters Cement FA SF
B 3.147 30 6.08
n 0.230 0.098 0.483

A 3.80E+08 5.0E+30 1.24E+18
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The three fitting parameters (A,B,n) were then calibrated using results from the Langavant tests
performed on a binder composed (shown in Table 3). It should be noted that the calibration of the
parameters of each anhydrous compound is done by successive calibration: first, the cement parameters
are identified by a test on the pure cement and then, the parameters of the additives are based on a test

on a mixture (the clinker parameters being known).

Fig. 5 showed the of evolution of heat release during the hydration at early age for three studied
samples. It seems that in the first hours of the hydration, the obtain results of calibrated model are quite
consistent with the results of the Langavant test, especially the case of pure cement sample. However, in
the next stage, small differences between numerical model and experiment were observed and the
differences were less obvious in the case of blended cement samples.
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(a) 70 % cement + 30 % FA (b) 70 % cement + 30 % SF
Figure 5. Heat release calculation of calibrated model and Langavant at early age.

The evolution of hydration degree of FA—cement sample at early age is presented in Fig. 6. We can
observe that the hydration degree of pure cement sample is greater than this one of the “cement phase” in
the mixture. This can be explained cause reducing the cement concentration in the anhydrous mixture may
reduce the degree of hydration. In addition, the delaying effect of mineral additive is also observed at the
first hours after mixing when the hydration degree of “FA phase” equal zero. After 5—7 hours, the pozzolanic
reactions will active the FA and induce the evolution of its hydration degree [19].
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Figure 6. Evolution of Hydration degree of pure cement paste and binder composes
of FA—cement paste at early age.

The evolution of hydration degree of clinker cement for long term are introduced in Fig. 7. It can be
seen that the hydration degree evolved strongly in the first hours after mixing and occurs more slowly when
the samples reach the age of 14 days. The hydration then progresses leisurely and become almost constant
at 28 days. The maximum level of hydration reaches nearly 95 % for the case of pure cement sample.

o,
The average hydration degree of the blended cement ( m”‘) for long term is determined by the
following equation (11):

i = Qcement X Peement T Cadditives % Padditives » (11)
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where: O ppen; @Nd O, ugiives @re hydration degree of cement and mineral additive (i.e., FA and SF) in
the mixture; p...ons @A Puadisives @re mass proportion of cement and mineral additive in the mixture. In
this case, p.opens = 0.7 @nd P, iitives = 0-3.

The evolution of hydration degree for the blended cement paste are introduced in Fig. 8. The
maximum level of hydration reaches 80 % for the case of FA—cement sample and only 76 % for the case
of SF—cement sample. It can be observed also that the replacement of clinker (30 %) by mineral additives
leads to a significant decrease of hydration degree. On the other hand, the notable difference in hydration
degree evolution between the sample of FA and SF is also observed. This can be explained by the presence
of a large amount of SF while maintaining the same water/binder ratio leads to internal shrinkage and
decreasing of relative humidity in the paste. This phenomenon may thereby cause lack of water for
hydration reactions. It should be remembered that SF is a highly absorbent mineral [27] and in the
production of concrete and cement containing additives, the replacement content is usually recommended
not exceed 8 %.
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Figure 7. Evolution of hydration degree a of pure cement paste in long term.
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Figure 8. Evolution of hydration degree a for blended cement paste.

The series of TGA/DTG tests on mortar were also carried out at a date of 3, 7, 28, and 60 days to
estimate the effect of mineral additives on portlandite content in the paste. The evolutions of the TGA and
DTG curves for each type of cement are related to the initial mass of the studied sample and presented in
Figs. 9a—c. By comparing the DTG curves, we find that the mortar with 100 % cement has a large peak
between 400 and 600 °C, and these peaks for mortars containing pozzolanic additions are less significant.
This also prove that the portlandite produced in pure cement mortar is greater than that in mixtures paste
as shown in Fig. 9d. The replacement of clinker by FA and SF reduces the clinker content and obviously
the portlandite content produced in hydration process.

On the other hand, the portlandite content increases throughout the hydration process for the case
of pure cement sample, but this increasing become slower after 28 days, corresponds with the completely
hydration of clinker. In contrast, with mixtures containing FA and SF, the portlandite content begins to
decrease after about one or two weeks and the speed of reduction becomes faster after 15 days due to the
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effect of pozzolanic reactions. In addition, we can find that the portlandite content in the SF—cement sample
is lower than that in the mixture contains FA. There are maybe two hypotheses to explain this phenomenon:
first, the SF consume a lot of water, causing a lack of water for the hydration and obviously the quantity of
portlandite produced is reduced. The secondary, pozzolanic reaction of SF is stronger than FA and it
consumes more portlandite. However, when considering the hydration degree of the binder composes
observed in Fig. 8, we can notice that the first hypothesis is more reasonable.
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Figure 9. TGA/DTG results and the portlandite content of the studied samples at 3, 7, 28, 60 days.

4. Conclusions

In this article, a numerical model predicting the hydration development of multicomponent cement-
based materials at an early age has been applied. The hydric-thermal activation and the delaying effect of
mineral additives have been taken into account in the model. The fitting parameters of the model are
determined by measuring the heat released during the hydration process using Langavant test. The model
is applied to calculate the hydration degree of three cement paste samples containing pure cement and
blended cement with 30 % replacement of FA or SF.

With the replacement of clinker by mineral additives leads to a significant decrease of hydration
degree (from 95 to 75+80 %) even if the effect of pozzolanic reactions, which increase the hydration degree
of blended cement in the long term. The obtained results of TGA/DTG tests have allowed to calculate the
portlandite content in the studied samples at difference term and showed us the correspondence with the
results of established model.

In addition, the hydration degree of the mixture containing SF is lower than that of FA due to the lack
of water in the paste when mixing a large amount of SF. From this result, it can be shown that the
replacement content of SF is usually recommended not to exceed 8 %.

Finally, the obtained results have also shown the efficacy of multiphasic model in prediction of
hydration kinetics of blended cement paste, especially at the early age.

References

1. Lacarriére, L. Prévision et évaluation de la fissuration précoce des ouvrages en béton. PhD Thesis. INSA Toulouse, 2007. 250
p.

2. Buffo-Lacarriére, L., Sellier, A., Escadeillas, G., Turatsinze, A. Multiphasic finite element modeling of concrete hydration. Cement
and Concrete Research. 2007. 37(2). Pp. 131-138. DOI: 10.1016/j.cemconres.2006.11.010

3. Meinhard, K., Lackner, R. Multi-phase hydration model for prediction of hydration-heat release of blended cements. Cement and
Concrete Research. 2008. 38(6). Pp. 794-802. DOI: 10.1016/j.cemconres.2008.01.008

4. Lei, Z. Caractérisation de I'hydratation des liants composés. Rapport du stage. LMDC — INSA Toulouse, 2006. 45 p.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.
26.
27.

Magazine of Civil Engineering, 18(8), 2025

Lacarriere, L.B. Etude des couplages Thermo-Hydro-Chemo-Mécaniques pour la prévision du comportement des grands
ouvrages en béton armé et béton précontraint. Génie civil. Université de Toulouse, 2018. 146 p.

Wang, X.-Y. Modeling of Hydration, Compressive Strength, and Carbonation of Portland Limestone Cement (PLC) Concrete.
Materials. 2017. 10(12). Article no. 115. DOI: 10.3390/ma10020115

Wang, X.-Y., Lee, H.-S. Modeling the hydration of concrete incorporating fly ash or slag. Cement and Concrete Research. 2010.
40(7). Pp. 984-996. DOI: 10.1016/j.cemconres.2010.03.001

Merzouki, T., Bouasker, M., Khalifa, N., Mounanga, P. Contribution to the modeling of hydration and chemical shrinkage of slag-
blended cement at early age. Construction and Building Materials. 2013. 44. Pp. 368-380. DOI:
10.1016/j.conbuildmat.2013.02.022

Kinomura, K., Ishida, T. Enhanced hydration model of fly ash in blended cement and application of extensive modeling for
continuous hydration to pozzolanic micro-pore structures. Cement and Concrete Composites. 2020. 114. Article no. 103733.
DOI: 10.1016/j.cemconcomp.2020.103733

Artamonova, O.V., Chernyshov, E.M., Slavcheva, G.S. Factors and mechanisms of nanomodification cement systems in the
technological life cycle. Magazine of Civil Engineering. 2022. 1(109). Article no. 10906. DOI: 10.34910/MCE.109.6

Kishi, T., Maekawa, K. Thermal and mechanical modelling of young concrete based on hydration process of multi-component
cement materials. Thermal Cracking in Concrete at Early Age: Proceedings of the International RILEM Symposium. CRC Press.
London, 1994. 11-19.

Zhang, M., Ma, D., He, J., Han, Y. Sulfate corrosion resistance of foundation concrete with nano-particles. Magazine of Civil
Engineering. 2023. 3(119). Article no. 11901. DOI: 10.34910/MCE.119.1

Roelfstra, P.E., Salet, T.A.M. Modelling of heat and moisture transport in hardening concrete. Thermal Cracking in Concrete at
Early Age: Proceedings of the International RILEM Symposium. CRC Press. London, 1994. Pp. 273-281.

De Schutter, G. Hydration and temperature development of concrete made with blast-furnace slag cement. Cement Concrete
Research. 1999. 29 (1). Pp. 143-149.

Waller, V. Relations entre composition des bétons, exothermie en cours de prise et résistance en compression. PhD Thesis,
ENPC Paris, 1999. 297 p.

Inozemtcev, A.S., Korolev, E.V., Duong, T.Q. Lightweight concrete for 3D-printing with internal curing agent for Portland cement
hydration. Magazine of Civil Engineering. 2022. 1(109). Article no. 10915. DOI: 10.34910/MCE.109.15

Bentz, D.P. Influence of water-to-cement ratio on hydration kinetics: Simple models based on spatial considerations. Cement
and Concrete Research. 2006. 36(2). Pp. 238—244. DOI: 10.1016/j.cemconres.2005.04.014

Oh, B.H., Cha, S.W. Nonlinear Analysis of Temperature and Moisture Distributions in Early-Age Concrete Structures Based on
Degree of Hydration. ACI Materials Journal. 2003. 100 (5). Pp. 361-370.

Yusuf, M.O. Performance of Aluminium Shaving Waste and Silica fume Blended Mortar. Magazine of Civil Engineering. 2023.
6(122). Article no. 12209. DOI: 10.34910/MCE.122.9

Hay, B., Hameury, J., Davee, G., Grelard, M. Assessment of Uncertainties in Calibration of Langavant Calorimeters. International
Journal of Thermophysics. 2014. 35(9-10). Pp. 1757—1769. DOI: 10.1007/s10765-013-1460-9

Fedosov, S.V., Aleksandrova, O.V., Bulgakov, B.l., Lukyanova, N.A., Nguyen Duc Vinh, Q. Corrosion-resistant concretes for
coastal underground structures. Magazine of Civil Engineering. 2024. 17(2). Article no. 12606. DOI: 10.34910/MCE.126.6

Bogue, R.H. La chimie du ciment Portland. Eyrolles. Paris, 1952. 586 p.

Nguyen, T.D. Evolution des propriétés mécaniques des bétons a base de liants composés au cours de I'hydratation. Rapport du
stage. LMDC — INSA Toulouse, 2008. 85 p.

Khelidj, A., Loukili, A., Bastian, G. Etude expérimentale du couplage hydrochimique dans les bétons en cours de maturation:
incidence sur les retraits. Matériaux et Constructons. 1998. 31. Pp. 588-594. DOI: 10.1007/BF02480608

Lea, F.M. The Chemistry of Cement and Concrete. Edward Arnold Ltd., London, 1970. 727 p.
Schindler, A.K. Effect of temperature on hydration of cementitious materials. ACI Materials Journal. 2004. 101(1). Pp. 72-81.
ACI Committee 234. 234R-96. Guide for the Use of Silica Fume in Concrete. 2000. 15 p.

Information about the authors:

Trong Dung Nguyen, Doctor of Engineering
ORCID: https://orcid.org/0000-0002-8515-8469
E-mail: nguyentrongdung@humg.edu.vn

Van Lam Tang, PhD in Technical Sciences
ORCID: https://orcid.org/0000-0002-4857-835X
E-mail: lamvantang@gmail.com

Received 14.01.2024. Approved after reviewing 28.10.2025. Accepted 30.10.2025.


https://orcid.org/0000-0002-8515-8469
mailto:nguyentrongdung@humg.edu.vn
https://orcid.org/0000-0002-4857-835X
mailto:lamvantang@gmail.com

	Multiphasic modeling of hydration degree  for blended cement pastes by using calorimetry method
	1. Introduction
	2. Methods
	2.1. Hydration Degree and Multiphasic Modeling of Hydration
	2.2. Calorimetry Method and TGA
	2.2.1. Langavant Test
	3.1. TGA

	3. Results and Discussions
	4. Conclusions


