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This paper presents a contribution to the modeling of the chemical shrinkage of the slag-blended cement

paste (binder) at early age. Assuming that the chemical shrinkage is a direct result of hydration, the

hydration modeling of slag-blended cement was studied by considering the interaction between the

hydrations of blast furnace slag (BFS) and ordinary Portland cement. The reaction of BFS in the presence

of calcium hydroxide CH (Portlandite) produced from the hydration of the cement was investigated. The

kinetic hydration of cement was developed, and the volume phases in the cementitious material during

the hydration process were calculated. The chemical shrinkage, which is the negative volume balance

between the reactants and the products formed, is then calculated. In parallel with this numerical mod-

eling, an experimental study was conducted to investigate the effect of slag’s addition (0%, 30%, 50% and

80%) on the heat of hydration and chemical shrinkage at early age (maturation up to 7 days). The pro-

posed hydration model incorporates the effect of following variables; the chemical composition of the

binder, the fineness, the water to binder ratio (w/b), the curing time and the temperature.

1. Introduction

Recently, autogenous shrinkage is considered as one of the phe-

nomena clearly identified as the origin of the (micro) cracking of

cementitious materials used in the design of civil engineering

structures. When, is prevented, the shrinkage is responsible for

the formation of microcracks in the area surrounding the aggre-

gates and through cracks in the binding matrix. This leads to an in-

crease of the porosity and therefore loss containment

characteristics of material and an increase in its permeability.

The durability of buildings depends, among other dimensional

changes on the cement matrix at very early-age.

The autogenous shrinkage is a physico-chemical phenomenon

coupled to mechanical capillary effects due to consumption of pore

water during the hydration. The origin of this deformation has

been studied extensively in the literature [1–3]. This deformation

is due to chemical shrinkage, (also called ‘‘Le Chatelier contrac-

tion’’) subsequent to the negative volume balance of hydration

reactions. The chemical shrinkage gives a capillary effect which

creates an internal tensile stresses within the cement matrix. At

early-age, these stresses are often higher than the breaking stress

of the material, hence the occurrence of (micro) cracks.

For Portland cement, the relationship between chemical shrink-

age and the hydration degree is almost linear [4,5]. Indeed, the

knowledge of hydration reactions in the case of cement matrices
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based on Portland cement was used to determine the chemical

composition of the matrix versus time [6,7]. Knowledge of the frac-

tion of each component and its density allows the easy determina-

tion of the chemical shrinkage.

Contrary to the clinker, slag needs activators such as sulfates

and alkali to react with water [8]. During the hydration of Portland

cement, CH and sulfate are produced. Therefore, a good combina-

tion of slag and Portland cement can form a binder with good reac-

tivity and hence high performance. The modeling of the slag

hydration in the blended cement is more complex than that of

the clinker. The hydration of slag depends on several important

parameters such as: the slag reactivity, the pore solution composi-

tion, the activators such as sulfates and Portlandite (CH), tempera-

ture and the water to binder ratio. Or, some parameters are

influenced by the cement hydration. So, hydration reactions of

the slag-blended cements are mutually influenced. For example,

the addition of slag can accelerate the hydration of C3S, C3A and

C4AF at different degrees [9].

The process of hydration of the slag with cement can be divided

into two stages [10]. Firstly, the slag reacts with alkali metal

hydroxides which are dissolved immediately when the Portland

cement is mixed with water. Once the concentration of Portlandite

(CH) reaches a certain value, the reaction with CH becomes domi-

nant. This reaction is responsible for the occurrence of an addi-

tional peak in the heat of hydration curves [11]. The slag content

is a primary factor in the hydration of blended cements. However,

the effect of slag content on the hydration process of cementitious

is a current topic that deserves to be more explored. The cement

and slag hydrate at different rates. After being mixed with water,

cement in the binder starts to hydrate immediately. Meanwhile,

a small amount of slag reacts, probably due to the presence of gyp-

sum in cement [12]. Then, the hydration of slag is heavily activated

by alkalis and later by the Portlandite CH produced by the hydra-

tion of the cement. Generally, the slag hydration rate is far lower

than that of clinker [12]. After one year, about 90%-100% of the

clinker has hydrated in the binder [9]. At the same age, only about

50%-70% of the slag has hydrated [13].

In literature, there are several models that simulate the hydra-

tion of cement which take into account the reaction of slag. The

first models are very general and are often derived from experi-

mental results [9,14–16]. Schindler and Folliard [15], proposed a

general hydration model that could predict the heat evolution of

cementitious materials. The proposed model takes into account

the effects of various variables: such as cement chemical composi-

tion, cement fineness, supplementary cementing materials (fly ash,

and ground-granulated blast-furnace) and mixture proportions. De

Schutter [17,18] proposed a general kinetic hydration model both

for Portland cement and slag-blended cement based on the iso-

thermal microcalorimetry experimental results. The model of De

Schutter does not take into account the chemical composition of

the cement and slag. Maekawa et al. [19,20] proposed a general

hydration model for cementitious materials, incorporating fly ash

and slag. The reactions of fly ash and slag are treated separately

from those of ordinary Portland cement, and some interactions

are taken into account through the free water content and the cal-

cium hydroxide concentration. Based on the consideration of the

exothermic characteristic and the reaction ratio of the slag, Tanaka

et al. [21] proposed a method to estimate the adiabatic tempera-

ture rise in slag blended concrete. It should be noted that, most

of general models do not explicitly consider the interactions be-

tween the cement hydration and the reaction of mineral admix-

tures, such as the production of Portlandite by cement hydration

and its consumption by slag reaction.

Benefiting from the rapid development of knowledge in cement

chemistry and computer science, several computer models have

been developed by various groups. These models can simulate

the chemical reactions going on during the hardening process of

cement paste, and microstructure development taking into ac-

count the mineral admixtures such as blast furnace slag. These

models fall into two categories: thermodynamic models and mul-

tiphasic models.

The thermodynamic modeling was done using geochemical

computer code (GEMS) based on a Gibbs energy minimization

algorithm [22–24]. Another thermodynamic model was developed

by Pietersen and Bijen [25] to study the reactivity of fly ash and

blast furnace slag in cement. These thermodynamic models show

that the reactivity of blast furnace slag changes in volume at differ-

ent phases over time. However, these models require a thermody-

namic database large enough for all the chemical species that come

into play. For example, an important database was developed (Na-

gra), for supplying the computer code GEMS.

The last type of modeling is the multiphasic Kinetic modeling.

Bentz [26] attempted to simulate the reaction of slag with CEM-

HYD3D (NIST version). The model treats the hydration products

of slag as a homogenous mix, namely ‘‘slag gel’’, whose properties

are postulated from the slag composition and are independent on

other factors. Chen [27] proposed a new theory able to predict

the types of reaction products, their quantities and properties with

considerations to the interactions between the reactions of slag

and clinker in cement. Wang et al. [28] proposed a kinetic hydra-

tion model to simulate the hydration of concrete containing fly

ash and slag. By considering the production of calcium hydroxide

in cement hydration and its consumption during the reactions of

the mineral admixtures, the reaction of fly ash and slag was sepa-

rated from that of cement hydration. The heat evolution rate of

blended concrete was determined by the contributions of both

the cement hydration and the reactions of the mineral admixtures.

The common objective of these studies is the simulation of hydra-

tion in the presence of slag at various proportions. The problem

often encountered is the kinetic reaction of the slag. In fact, the

stoichiometric coefficients of the reaction are still poorly understood.

Chen et al. [12] proposed three reaction models for slag blended

cement. These models depend on the amount of calcium hydroxide

entering the slag hydration; the first model: No CH enters the

C–S–H formed by the slag hydration; the second model: CH enters

C–S–H from the slag hydration to sustain a C/S ratio 1.8; the third

model, considers that, a part of CH enters C–S–H from the slag

hydration. Among these three models, the author found that the

third model gives the best predictions for the composition of the

main hydration product, C–S–H, especially for its C/S ratio. In

the model of Chen et al. [12], the C/S and A/S ratios are coupled

by the relation proposed by Richardson [29], and on the basis of

experimental tests made on a series of pastes of cement and slag.

According to Taylor [30], the values of the ratios C/S and A/C in the

C–S–H were assumed beforehand to be 1.55 and 0.045, respectively.

Richardson [16] studied the stoichiometry of the reaction be-

tween the slag and Portlandite (CH) as a function of temperature

and the CH/slag ratio. The author found experimentally that each

mole of slag consumes 2.6 mol of CH. The C/S andA/S ratios in

C–S–H was determined preliminary to a values of 1.42 and 0.046,

respectively. Biernacki [31] and Richardson [16] show that the

composition of C–S–H is clearly influenced by the slag proportions

in the mixture. Increasing slag proportions resulted in decreasing

C/S ratios and increasing A/S ratios in C–S–H.

In the present work, a kinetic hydration model to simulate the

hydration of cement pastes containing blast furnace slag is pro-

posed. Considering the production of calcium hydroxide in cement

hydration and its consumption by the slag hydration, the reaction

of slag is treated separately from that of cement hydration. The

reaction of slag was evaluated as a function of the curing age, tak-

ing into account the influence of water to binder ratio, slag propor-

tion and curing temperature. Modeling the chemical shrinkage
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requires, a comprehensive knowledge of the hydration reactions,

which gives the composition of the mixture as a function of time.

To validate the model, the computed results of hydration, chemical

shrinkage and remained CH are compared to experimental ones. In

this study, different proportions of slag (0%, 30%, 50% and 80%) are

considered. Finally, a sensitivity analysis is proposed in an attempt

to examine the influence of certain properties on the hydration and

chemical shrinkage and to show the limitations of the model.

2. Research significance

Modeling the hydration of the slag-blended cement is impor-

tant for better understanding of the underlying chemistry and

for simulating its microstructure evolution. There are few studies

in literature concerning the interaction between slag and pure

CH [16,31]. Richardson [16] investigated the stoichiometry of

the reaction between slag and CH as a function of the tempera-

ture and CH/slag ratio. The author concluded that, 2.6 mol of CH

is consumed by each mole of slag reacted. The C/S and A/S ratios

in the product C–S–H were set beforehand to values of 1.42 and

0.046, respectively. It should be noted that, the determination of

the C/S and A/C (or A/S) ratios in C–S–H is only applicable for

the particular used slag proportions in the blended cement. For

a given slag composition, the different coefficients must be recal-

culated through the oxides proportion. Biernacki [31] studied the

kinetics of hydration of slag in the presence of Portlondite using

the Knudsen model as a function of the temperature and the

slag/CH ratio. Biernacki [31] compared the hydration extent be-

tween Knudsen’s equation [32], Jander’s equation [33], Avrami’s

equation [34] and the experimental data for a given slag/CH ra-

tio and temperature. The author shows that, the Knudsen equa-

tion was found to adequately fit both at early age and at later

stages of hydration in the presence of CH.

The aim of the present work is to model the hydration of slag

blended cement. The kinetics of hydration of pure cement is in-

spired from the Bernard models [6,35,36]. For the slag hydration,

Knudsen model [32] was used taking into account the stoichiome-

try of the reaction between slag and CH as proposed by Richardson

[16]. The Knudsen parameters are identified from the experimental

data. The rate constants obtained are then used in Arrhenius plots

to obtain the activation energy of the hydration of slag.

3. Microstructural evolution of the slag-blended cement paste

during the hydration process

3.1. Hydration kinetics of slag-blended cement components

3.1.1. Hydration kinetics of cement

In order to study the cement paste hydration, the following set

of stoichiometric reactions are employed for the four clinker X of

Portland cement, i.e., tricalcium silicate (C3S), dicalcium silicate

(C2S), tricalcium aluminate ( C3A) and tetracalcium aluminate fer-

rite (C4 AF) (Standard cement chemistry abbreviations are used

throughout this paper: C ¼ CaO; S ¼ SiO2;A ¼ Al2O3;M ¼ Mgo; S ¼

SO3; F ¼ Fe2O3;H ¼ H2O). The hydration of cement is defined

below [37–39]:

C3Sþ 5:3H ! CSHþ 1:3CH ð1Þ

C2Sþ 4:3H ! CSHþ 0:3CH ð2Þ

C3Aþ 3CSH2 þ 26H ! C6AS3H32 ð3Þ

C4AFþ 3CSH2 þ 30H ! C6AS3H32 þ CHþ FH3 ð4Þ

2C3Aþ C6AS3H32 þ 4H ! 3C4ASH12 ð5Þ

2C4AFþ C6AS3H32 þ 12H ! 3C4ASH12 þ 2CHþ 2FH3 ð6Þ

C3Aþ 6H ! C3ðA; FÞH6 ð7Þ

C4AFþ 10H ! C3ðA; FÞH6 þ CHþ FH3 ð8Þ

The hydration of C3S and C2S from the Eqs. (1) and (2) occurs in

contact with water, an amorphous gel of the silica calcium hydrate

(CSH) and Portlandite (CH), which develops in the pore space. Eqs.

(3) and (4) describe the formation of calcium aluminate hydrates

from C3A and C3AF in the presence of gypsum, which is added to

prevent rapid setting of C3A and C3AF. Initially, they react with

gypsum to form ettringite C6AS3H32 following the Eqs. (3) and

(4). After consuming gall gypsum, C3A and C4AF react with the

formed ettringite to form monosulfoaluminates, Eqs. (5) and (6),

respectively. When the ettringite is totally consumed, the C3A

and C4AF react with Portlandite CH (one of the products of C3S

and C2S hydration) according to Eqs. (5) and (6), respectively.

The cement hydration extent is described by the degree of

hydration of each clinker noted nC3S
; nC2S

; nC3A
and nC4AF, respec-

tively. Each clinker has a different hydration kinetics of which will

depend on its normalized affinity eAðnXÞ and its associated charac-

teristic time sX associated with the reaction of clinker X. The hydra-

tion kinetic evolution of each clinker is controlled by induction,

nucleation, and diffusion. These kinetic laws can be written in

the following dimensionless form [6,40]:

sX
dn

dt
¼ eAðnXÞ ð9Þ

Given the thermal activation of the hydration reaction, the char-

acteristic time depends on the temperature following the Arrhe-

nius concept [6]:

sXðTÞ ¼ sXðT0Þexp
EaX

R

1

T0

�
1

T

� �� �
ð10Þ

where EaX is the activation energy of the chemical reaction for the

clinker X�R is the universal gas constant, and sX(T0) is the character-

istic time of the reaction at a constant reference temperature

T0 = 293 K. Given that the hydration kinetics is accelerated by a

smaller fineness due to the greater specific surface area, the charac-

teristic time is given then by [6]:

sXðT0;/Þ ¼
/0

/
sXðT0;/0Þ ð11Þ

where /0 is the reference fineness and is equal to 3602 cm2/g. The

expression of the normalized affinity of each clinker depends on

the physical process at stake. According to [6], three stages of the

hydration process can be distinguished:

(1) Dissolution of clinker (t < tX,0 and n < nX,0)

In this process, because relatively short period, the process

can be simulated by a constant reaction rate. The normalized

affinity is eA ¼ 1. The characteristic time sX is equal to tX,0/

nX,0, where tX,0 is the duration of the induction period, and

nX,0 is the degree of hydration threshold of clinker X at the

end of the dissolution period. For this period at isothermal

conditions, i.e., T = const, the hydration kinetic evolution nX
is written as [7]:

nX ¼
t

sXðT0;/0Þ

/

/0

exp
�EaX

R

1

T0

�
1

T

� �� �
ð12Þ

(2) Nucleation and growth kinetics (tX;0 < t < �tX and

nX;0 < n < �nX):

For this period the Avrami model is employed [34], reading:

�lnð1� ðnX � nX;0ÞÞ ¼ K
/

/0

exp
�EaX

R

1

T0

�
1

T

� �� �
ðt � tX;0Þ

� �m

ð13Þ

The normalized affinity and the characteristic time of the Avrami

model are:
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eA ¼
1� ðnX � nX;0Þ

�ln 1� ðnX � nX;0Þ
� �� 	1

m�1
ð14Þ

sXðT;/Þ ¼
1

mK

/0

/
exp

EaX

R

1

T0

�
1

T

� �� �
ð15Þ

For this period at isothermal conditions, i.e., T = const, the hydration

kinetic evolution nX is written as:

nX ¼ nX;0 þ 1� exp � K
/

/0

exp
�EaX

R

1

T0

�
1

T

� �� �
ðt � tX;0Þ

� �m
 �

ð16Þ

m is the exponent that defines the reaction order, and K is the rate

constant and is adjusted from the experimental data carried out

during the present work.

(3) Diffusion limited kinetics (t > �tX and n > �nX):

The kinetics of the hydration reactions is limited by diffusion

of dissolved ions through the layers of hydrates products

around the clinker grain. For this period the Fuji and Kondo

model is employed [41]. Written in the rate form of kinetic

law, the normalized affinity and the characteristic time of

this process can be expressed as:

eA ¼
ð1� nÞ2=3

ð1� �nXÞ
1=3 � ð1� nÞ1=3

ð17Þ

sXðT;/Þ ¼
R2

3D

/0

/
exp

EaX

R

1

T0

�
1

T

� �� �
ð18Þ

where D is a diffusion coefficient (of dimension [D] = L2/T), and R is

the average initial radius of clinker cement. At isothermal condi-

tions, i.e., T = const, the hydration kinetic evolution nX for this period

is written as [7]:

nX ¼ 1� �
ð2Dðt � �tXÞÞ

1=2

R exp �EaX
R

1
T0
� 1

T

� 
h in o1=2

ð/0=/Þ
1=2

þ ð1� �nXÞ
1=3

2
64

3
75

3

ð19Þ

The kinetic parameters used for this process are given in Table 1. All

values are determined for a fineness /0 = 3602 cm2/g and an aver-

age particle size R = 5 � 10�4 cm.

The hydration degree ncem(t) of cement is obtained from the val-

ues of the kinetic nX for each clinker determined from the men-

tioned laws:

ncemðtÞ ¼

X

X

mXnXðtÞ

X

X

mX

ð20Þ

where X 2 {C3S, C2S, C3A, C4AF} and mX are the mass fractions of the

clinker X phases.

3.1.2. Hydration kinetics of slag

Hydration products in the slag-blended cement paste comprise

those products from both cement and slag hydrations except that

the amount of CH produced by the cement hydration is considered

to be available for the slag hydration [29]. Five oxides, namely C, S,

A, M and S, are selected among the oxides constitutions of slag.

They are the most abundant oxides in the slag and are combined

in the selected products. Molar proportions were used to study

the hydration process in the presence of Portlandite CH. Richard-

son [16] have proposed the following chemical reaction for the

slag/CH reaction:

C7:88S7:39AM3 þ nCHCHþ nHH ! nC�S�HCðC=SÞSHxAðA=SÞ

þ nAHC4:6AHd ð21Þ

where nCH and nH are the stoichiometric coefficients of the

Portlandite (CH) and water (H) involved the slag hydration, respec-

tively. nC�S�H is the stoichiometric coefficients of the product

C(C/ S)SHxA(A/S) namely C–S–H. x is the H/S ratio in C–S–H. nAH is

the stoichiometric coefficients of the product C4.6AHd namely AH.

So, nC� S�H = 7.39. From Richardson [16], 2.6 mol of CH are

consumed by each mole of slag reacted. The C/S and A/S ratios in

C–S–H was set beforehand to a values of 1.42 and 0.046, respec-

tively. A molar balance calculation between the two sides of Eq.

(21) leads to nAH = 0.66. It should be noted that, the resulting stoi-

chiometric coefficients and empirical formulas are only applicable

for particular slag composition. For a given slag, the different coef-

ficients must be recalculated through the oxides proportion. In the

present study, the proprieties of C4.6AHd are considered close to the

C4AHd presented by Chen [12] with d = 13.

The water-binding characteristic of C–S–H is complex. It is still

subject of many researches. C–S–H has a layer structure and com-

prises pores sizing in a wide range, which may be partially or com-

pletely filled with water. The total porosity is also influenced by

the composition of C–S–H as well [42].

Steinour [43] shows that, at 105�C in a carbonation-free envi-

ronment, for C–S–H with low C/S ratios (1.0–1.1), the measured

H/S ratios in C–S–H ranging between 1 and 1.33. The author con-

cluded that the water retained in C–S–H at 105�C is loosely corre-

lated to its C/S ratio and might be closer to a constant value.

Based on the work of Brouwers [42,44], the H/S ratio in C–S–H

can be expressed with x = C/S + 0.8 at 80% RH [12], and x = C/S + 1.5

in the saturated state [12]. It should be noted that, initially the

state is saturated and the relative humidity decreases very quickly

to stabilize at around 70–80%. In this study, the experiments were

carried out at room temperature, and the relative humidity keeps

less than 100%. So, the H/S ratio (x) in C–S–H is deduced and is

equal to C/S + 0.8 [12].

Because the reaction of slag is treated separately from that of

ordinary Portland cement hydration, the slag hydration extent is

modeled using the Knudsen model [32]:

nslgðtÞ ¼ nuslg
kðt � t0Þ

n

1þ kðt � t0Þ
n ð22Þ

where nslg=n
u
slg is the reaction extent, which is the property (nslg)/

maximum value of the property (nuslg), k is a rate constant, t is the

time, t0 is the induction time, and n is the reaction exponent. The

temperature dependence of the rate constant is described using

the Arrhenius equation:

k ¼ k0e
�E=RT ð23Þ

where k0 is the pre-exponential factor, E is the activation energy, R

is the gas constant, and T is the absolute temperature. The Knudsen

exponent n is equal to 1 and t0 was set at 0 since no significant

induction period was observed.

The overall hydration degree n(t) of slag-blended cement is ob-

tained from the values of the kinetic for the cement ncem(t) and the

slag nslg(t) using the following relation as a function of the mass of

cement mcem and the one of slag mslg:

nðtÞ ¼
mcem

mcem þmslg

ncemðtÞ þ
mslg

mcem þmslg

nslgðtÞ ð24Þ

3.2. Calculation of the volume of the slag-blended cement phases

The volume of the cement phases is calculated in the same way

of the slag. From hydration kinetics model nX of each clinker phase,
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the volume of the phases involved in the micromechanics VX is lin-

early related to the clinker hydration degree, and it is calculated as:

VXðtÞ ¼ V0
Xð1� nXðtÞÞ ð25Þ

where V0
X is the initial volume of the clinker phases in the cement.

The volume of water is determined as:

VwðtÞ ¼ V0
w � RXV

X
wnXðtÞÞ ð26Þ

V0
w is the initial volume of water, and VX

w is the volume of water that

is consumed by the clinker hydration, and is determined as:

VX
w ¼ V0

cH
X
w

�qX=MX

qw=Mw

ð27Þ

where V0
c is the initial volume of cement paste,HX

w ¼ nw=nX denotes

the number of moles of water nw consumed during the hydration of

mole nX = 1 of clinker phase X, MX is the molar mass of the clinker

phase X. �qX is its apparent mass, qw andMw are the density and mo-

lar mass of water, respectively. The apparent density is given by:

�qX ¼ qcfX ð28Þ

where qc is the density of cement, fX if the volume fraction of clinker

X.

The remaining volume of gypsum CSH2 is calculated by the

same way of the remaining volume water:

V
CSH2

ðtÞ ¼ V0

CSH2
� RXV

X

CSH2
nXðtÞ ð29Þ

V0

CSH2
is the initial volume of gypsum, and VX

CSH2
is the volume of

gypsum that is consumed in the clinker hydration, and it is deter-

mined in the same way as water:

VX

CSH2
¼ V0

cH
X

CSH2

�qX=MX

q
CSH2

=M
CSH2

ð30Þ

HX

CSH2
¼ n

CSH2
=nX is the number of moles of gypsum n

CSH2
consumed

during the hydration of nX = 1 mol of clinker phase X;q
CSH2

and

M
CSH2

are the density and molar mass of gypsum (CSH2),

respectively.

During the hydration of C3S and C2S, two types of CSH are

formed, the first is the low-density CSHa phase, which corresponds

to the outer products, and the second is the high-density CSHb

phase, which corresponds to the inner products. The volume for

each phases is calculated as the following equation:

VaðtÞ¼VC3S
CSHð

�nC3S�< �nC3S�nC3SðtÞ>þÞþVC2S
CSHð

�nC2S�< �nC2S�nC2SðtÞ>þÞ

VbðtÞ¼VC3S
CSH < nC3SðtÞ�

�nC3S>þþVC2S
CSH < nC2SðtÞ�

�nC2S>þ

(

ð31Þ

where VC3S
CSH and VC2S

CSH are the volume occupied by the reaction prod-

ucts of the hydration of C3S and C2S in the CSH, and are calculated

as:

VC3S
CSH ¼ V0

cH
C3S
CSH

�qC3S
=MC3S

qCSH=MCSH

VC2S
CSH ¼ V0

cH
C2S
CSH

�qC2S
=MC2S

qCSH=MCSH

8
<
: ð32Þ

H
C3S
CSH ¼ nCSH=nC3S andH

C2S
CSH ¼ nCSH=nC2S, are the number of moles nCSH

of CSH formed during the hydration of nC3S ¼ 1 mole of clinker

phase C3S and nC2S ¼ 1 of C2S, respectively. qCSH and MCSH are the

density and mass molar of CSH, respectively. The total volume of

CSH is given as:

VCSH ¼ VC3S
CSH þ VC2S

CSH ð33Þ

Analogously, the volume occupied by the product element noted i,

is a combination of the reaction products of the hydration of each

clinker X and is determined as the following equation:

V iðtÞ ¼ RXV
X
i nXðtÞ ð34Þ

and the consumed volume during the clinker hydration reaction is

determined as:

VX
i ¼ V0

cH
X
i

�qX=MX

qi=Mi

ð35Þ

i 2 fCH;C6AS3H32; C4ASH12;C3ðA; FÞH6; FH3g;H
X
i ¼ ni=nX is the num-

ber of moles of product i created during the hydration of nX = 1 mol

of clinker phase X,Mi and qi are the molar mass and density of prod-

uct i, respectively.

During the hydration of the clinker phases, capillary voids are

created due to a negative volume balance (or chemical shrinkage)

between reactant and product phases involved in the hydration

reactions of the clinker phases:

VV ðtÞ ¼ �RXV
X
VnXðtÞÞ ð36Þ

with:

VX
V ¼ V0

cH
X
V fX ð37Þ

HX
V ¼ nV=nX is the number of moles of void V created during the

hydration of nX = 1 mol of clinker phase X.

All data, used for the calculation of the volume fractions are gi-

ven in the Tables 1–3.

The volume evolution of slag is linearly related to the slag

hydration degree:

V slgðtÞ ¼ V0
slgð1� nslgðtÞÞ ð38Þ

where V0
slg is the initial volume of slag. The volume of hydration

products C–S–H and C4.6AHd created during the slag hydration is

calculated as:

Table 2

Parameters for the determination of the volume fractions.

Clinker (X) C3S C2S C3A C4AF

�qX qcfC3S qcfC2S qcfC3A qcfC4AF

HX
w

5.3 4.3 26 30

HX
w (all gypsum consumed) 5.3 4.3 4 12

HX
w (all ettringite consumed) 5.3 4.3 6 10

HX
CSH2

0 0 3 3

HX
CSH

1 1 0 0

HX
CH

1.3 0.3 0 1

HX
C6AS3H32

0 0 1 1

HX
C4ASH12

0 0 3/2 3/2

HX
C3ðA;FÞH6

0 0 1 1

HX
FH3

0 0 0 1

HX
V [6] �0.073 �0.077 �0.077 �0.077

Table 1

Reaction kinetic model parameters of the four clinker hydration reactions [6,45].

Clinker (X) w/c sX (T0,/0) m nX,0 D [cm2/h] �tX EaX/R [K]

C3S 0.3 13.5 1.86 0.02 0.42 � 10�10 0.60 4500

0.5 11.9 1.72 2.64 � 10�10

0.7 10.5 1.66 15.6 � 10�10

C2S 0.3 71.2 1.10 0.00 6.64 � 10�13 0.60 2500

0.5 60.9 0.96

0.7 58.6 0.84

C3A 0.3 57.7 1.14 0.04 2.64 � 10�10 0.60 5500

0.5 49.2 1.00

0.7 35.9 0.86

C4AF 0.3 27.0 2.44 0.40 0.42 � 10�10 0.60 4200

0.5 21.4 2.30 2.64 � 10�10

0.7 14.3 2.16 15.6 � 10�10
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V slg
C�S�HðtÞ ¼ V0

slgnslgðtÞnC�S�H
qslg=Mslg

qC�S�H=MC�S�H

V slg
C4:6AH13

ðtÞ ¼ V0
slgnslgðtÞnC4:6AH13

qslg=Mslg

qC4:6AH13
=MC4:6AH13

8
<
: ð39Þ

qslg, qC�S�H and qC4AHd
are the densities of slag, C–S–H and C4AH13,

respectively. Mslg, MC�S� H and MC4:6AH13
are the molar mass of slag,

C–S–H and C4AH13, respectively. In this study, the physical proper-

ties of C–S–H with various C/S and A/S ratios are calculated using

the model proposed by Brouwers [46]. The density of C–S–H is cal-

culated as:

qC�S�H ¼
87:12þ 74:10ðC=SÞ

38:42þ 33:05ðC=SÞ
ð40Þ

in which the molar mass of slag and C–S–H (Mslg, MC�S�H) can read-

ily be calculated from their compositions. The volume of water and

Portlandite CH consumed by the slag hydration is determined in the

same way:

V slg
w ðtÞ ¼ V0

slgnslgðtÞnH
qslg=Mslg

qw=Mw

V slg
CHðtÞ ¼ V0

slgnslgðtÞnCH
qslg=Mslg

qCH=MCH

8
<
: ð41Þ

qw, qCH and Mw and MCH are the density and molar mass of water

and CH, respectively.

The remaining volume of water and Portlandite CH during the

hydration of slag-blended cement is then calculated as:

VwðtÞ ¼ V0
w � V cem

w ðtÞ � V slg
w ðtÞ

VCHðtÞ ¼ V cem
CH ðtÞ � V slg

CHðtÞ

(
ð42Þ

V cement
w is the volume of water consumed by the hydration of cement

(Eqs. (26) and (27)), V cement
CH is the volume of CH produced by the

hydration of cement (Eq. (35)). The total volume V(t) is calculated

as:

3.3. Calculation of the chemical shrinkage at early-age

The chemical shrinkage is the volume reduction of the paste

due to the consequence of the chemical reaction of the reactant

and water. Generally, the total volume of the reaction product is

smaller than that of the initial one. Chemical shrinkages of the

slag-blended cements are predicted using the physical properties

of the hydration reactants and products. The chemical shrinkage

is determined as:

WðtÞ ¼ �
VðtÞ � V0

m0
ð44Þ

where V0 is the initial volume, and is equal to the sum of slag, ce-

ment and water one. m0 is the initial cement mass of cement and

slag.

4. Experimental programs

4.1. Materials

The Portland cement used is a CEM I 52.5 N (Le Havre plant, Laf-

arge). The Bogue’s composition is 67.50% of C3S, 12.21% of C2S,

8.81% of C3A, 7.97% of C4AF and 3.30% of CSH2. Its Blaine fineness

was 3460 cm2/g and it contained 3.3% of gypsum. The blast furnace

slag ground is provided by the company ECOCEM (plant Aix en

Provence). The composition of the cement and slag is given in

Table 4. The water to binder (w/b) ratio is equal to 0.32. To assess

the effect of slag at 20 �C, four systemswere investigated, pure cement

and slag cement containing 30%, 50% and 80% slag by weight. The

paste is prepared in a mixer of 20L capacity. The solid constituents

are firstly mixed for 30 s. Then, the mixing water is introduced and

mixing is continued for 90 s at low speed and 90 s at high speed.

Table 3

Molar masses and densities of the different phases given in cement paste [6,7].

Clinker (X) Molar mass M (g/mol) Density q (g/cm3) Clinker (X) Molar mass M (g/mol) Density q (g/cm3)

C–S–H Various Various (Eq. (40)) Water H 1 8 1

C4AHd=13 668.4 1.80 FH3 106.9 3

C3S 228.32 3.15 CSH2 172 2.32

C2S 172.24 3.28 CSH 227.2 2.04

C3A 270.20 3.03 CH 74 2.24

C4AF 430.12 3.73 C6AS3H32
1255 1.75

C4ASH12 623 1.99 C3(A,F) H6 407.0 2.67

Table 4

Compositions of cement and slag.

Constituents Cement (%) Slag (%) Constituents Cement (%) Slag (%)

SiO2 21.39 4.49 TiO2 0.16 0.88

Al2O3 3.66 13.19 K2O 0.28 0.54

Fe2O3 4.25 0.40 Na2O 0.10 0.43

CaO 64.58 41.03 SO3 2.63 0.10

MgO 0.96 8.21 MnO 0.13 0.40

Density (kg/m3) 3200 2890

VðtÞ ¼ RXVXðtÞ þ VwðtÞ þ V
CSH2

ðtÞ þ V slgðtÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Reactants

þ VCSHðtÞ þ VCSHðtÞ þ V
C6AS3H32

ðtÞ þ V
C4ASH12

ðtÞ þ VC3ðA;FÞH6
ðtÞ þ VFH3

ðtÞ þ VV ðtÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Cement hydration products

þ V slg
C�S�HðtÞ þ V slg

C4AH13
ðtÞ

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Slag hydration products

ð43Þ
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4.2. Testing methods

4.2.1. Heat of hydration

A microcalorimeter TAM Air isothermal is used to measure the

heat flux of reaction and the reaction kinetics of binding at the

early age. For each binder paste, two samples of approximately

4 g are collected at the end of mixing, weighed (0.01 g) and intro-

duced into flacons. The sealed flacons are then placed in the device

and the acquisition is started. Each test is conducted in the first

5 days of hydration. The first flow measurement is performed

about 10 min after mixing.

4.2.2. Chemical shrinkage

Chemical shrinkage is measured using the volume method by

hydrostatic weighing [4]. From the end of mixing, two samples of

4–5 g are introduced into two different flacons. The remaining vol-

ume of these bottles is then filled with desecrated water, while

avoiding disruption of the samples. Then, each flacon is immersed

in water and suspended by a nylon thread to a balance of 0.001 g of

precision. The experimental device is placed in a room conditioned

at 20 ± 2 �C. The first weight gain is made about 15 min after mix-

ing. The acquisition is done automatically for 140 h.

4.2.3. Thermo-gravimetric analysis

A TGA/DSC of Mettler Toledo was used to measure the evolution

of the weight versus the temperature. The sample with a mass be-

tween 200 and 250 mg is subjected to a temperature of up to

1050 �C. The evolution of the mass of the sample and that of its

derivative versus temperature allows determining the material

composition.

5. Results and discussion

5.1. Experimental results: Heat of hydration and chemical shrinkage

Fig. 1 shows the evolution of the heat of hydration as a function

of time for the four used systems. According to this figure, the in-

crease of slag addition in the mixture decreases the heat of hydra-

tion. It can be observed that, the increasing of the slag causes a

notably decrease to the heat of hydration. After 140 h of curing,

the total heat decreased from 260 J/g for the pure cement to

100 J/g for the binder with 80% of slag. The presence of the slag

contributes clearly to the reduction of the heat of hydration which

is very beneficial for mass concrete to minimize the risk of crack-

ing. This phenomenon may have two explanations: the dilution ef-

fect of the supplementary cementitious materials [9,47] and the

pozzolanic reactions of the slag which release less heat than Port-

land cement [15,48]. Escalante-Garcia and Sharp [9] suggested that

the cement hydration in the binder was accelerated. Indeed

increasing the slag content causes more water available for Port-

land cement hydration in the blended cement. The evolution of

the heat of hydration as a function of the slag content is close to

that found by Wang et al. [49] for 25% and 45% slag at 23 �C and

for a water to binder ratio is 0.35.

The results for the chemical shrinkage are presented in Fig. 2.

The chemical shrinkage is a function of the slag content. The effect

of slag on chemical shrinkage depended on its dosage. For binary

binder pastes with 0% and 30% of slag, the curves showed a rapid

increase during the first 20 h, due to the hydration of Portland ce-

ment, followed by a slow deformation phase. The shrinkage of

pastes with 50% and 80% of slag presented a similar evolution to

that of the paste with 30% of slag during the first hours. At 24 h,

the pastes with 30%, 50% and 80% slag, exhibited chemical shrink-

age values that were lower by 30%, 26% and 57%, respectively than

that of the reference paste. Then, the chemical shrinkage evolution

rate of the pastes with slag increased. At 140 h, the difference with

the reference paste was reduced to 14% and 7% for the binder with

30% and 80% slag, respectively, while the paste of the binder

with 50% slag even showed higher chemical shrinkage than that

of the control binder. This acceleration resulted in a curve crossing

between 80 and 120h of hydration and could be explained by the

beginning of the slag reactions, which generated additional chem-

ical shrinkage [15,50]. It might be possible that the same phenom-

ena occurs in fly ash–cement mixes [51].

5.2. Identification of the slag hydration parameters

The modeling of the slag hydration in the blended cement is

more complex than that of the cement. The hydration of slag de-

pends on several important parameters such as: the slag reactivity,

the pore solution composition, the activators such as sulfates and

Portlandite (CH), temperature and w/b ratio.

It should be noted that, the identification of the parameters gov-

erning the slag hydration in the blended cement is not simple,

especially because the chemical equations between the different

parameters in relation to the slag hydration are not defined, and

they are more difficult to establish. It is therefore necessary to

make assumptions about the parameters governing the slag hydra-

tion. In the present work, the Knudsen model is used to predict the

hydration degree of slag in the blended cement, the different

parameters must be identified from experimental data. Due to lack

Fig. 2. Chemical shrinkage of binder with w/b = 0.32 for various slag proportions.

Fig. 1. Heat of reaction of binders with w/b = 0.32 for various slag proportions.
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of information, the Knudsen parameters are considered only as a

function of the slag/cement ratio. The regression analysis with

the experimental data yields a linear relation between the Knudsen

parameters and the slag proportion in cement. The variation of the

pre-exponential factor k0 and the activation energy E are given by

the following expression as a function of the slag proportion k:

k0 ¼ 10:4605k� 1:8289

EðJÞ ¼ 13934:2105kþ 11264:4211



ð45Þ

Fig. 3 presents the measured remained Portlandite (CH) (g/g binder)

versus the curing time.

The experimental remained Portlandite is measured by Ther-

mo-Gravimetric Analysis. In the hydration of cement-slag blends,

the evolution of the CH mass depends on two mechanisms: the

Portland cement hydration that produces CH and the reaction of

slag that consumes CH. For low slag content, a large amount of

CH is produced by the hydration of the cement. In a case of low ce-

ment content, the amount of CH produced by the hydration of clin-

ker is not sufficient for the hydration of slag. So, the slag hydration

consumes all the CH produced.

5.3. Sensitivity analysis

This section, presents the sensitivity analysis of the developed

model. This is performed by choosing a baseline condition, and

then one of the independent parameters is varied. Two input

parameters are considered for this analysis: the water to binder

Fig. 4. Sensitivity analysis of proposed model: effect of the w/b ratio on the

hydration degree of a slag-blended cement with 3460 cm2/g of fineness.

Fig. 3. Remained CH (g/g binder) with w/b = 0.32 for various slag proportion.

Fig. 5. Sensitivity analysis of proposed model: effect of the w/b ratio on the

chemical shrinkage of a slag-blended cement with 3460 cm2/g of fineness.
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ratio, the fineness and the temperature. The results obtained from

the sensitivity analysis, provide insight to the contribution of each

of the parameters to the overall hydration process.

5.3.1. Effect of the water to binder ratio

Three different ratios: 0.2, 0.3 and 0.4 are used to study the ef-

fect of the w/b ratio at 20 �C. The fineness of the slag-cement used

is 3460 cm2/g. Figs. 4 and 5 illustrate the effect of the water to bin-

der ratio on the hydration degree and the chemical shrinkage of the

slag cement pastes for a slag content of 30% and 50%, respectively.

According to this figure, increasing the w/b ratio increases the de-

gree of hydration at a given time ‘‘t’’. For a slag content of 50%, the

effect of the w/b ratio on hydration is less important than the case

with 30% slag. It is also noteworthy that for a slag content of 50%

and for a w/b ratio greater than or equal to 0.4 we observe that

the degree of hydration does not change. This can be explained

by the high amount of water present in the matrix with 50% slag

content which generates the same level of hydration reactions

regardless of a w/b ratio greater than 0.4. According to Fig. 5, the

effect of the w/b ratio becomes significant on the chemical shrink-

age results from 12 h hydration. Indeed, by this time, the water ini-

tially present in the pores is then consumed by the hydration

reactions. This phenomenon is the cause of the appearance of voids

in the pores, and that will be recorded as a chemical shrinkage.

5.3.2. Effect of the cement fineness

The effect of cement fineness was also investigated using four

values: 3000, 3500, 4000 and 4500 cm2/g with water to binder ra-

tio of 0.32 and at a temperature of 20 �C. The cement fineness is de-

fined by the cement particle size distribution. Previous

experimental studies have shown that an increase in the cement

fineness causes an acceleration of the cement hydration

[3,50,52,53]. In the present model, calculations have been per-

formed to quantify the influence of this parameter on the results

provided by the model. The input cement composition is the same

as defined below and the w/b ratio is equal to 0.32. The modeling

results of the hydration degree and the chemical shrinkage are pre-

sented in Figs. 6 and 7, respectively, for various cement fineness. As

expected, the highest cement fineness accelerates the hydration

reactions (Fig. 6). This is due to the larger surface area of cement

grains that are exposed to water and then more nucleation area.

This is in accordance with past research findings [3,52]. It is also

important to note that increasing the cement fineness accelerates

the hydration reactions but it has a tendency to not change the fi-

Fig. 6. Sensitivity analysis of proposed model: effect of the cement fineness on the

hydration degree of a slag-blended cement with w/b = 0.32.

Fig. 7. Sensitivity analysis of proposed model: effect of the cement fineness on the

chemical shrinkage of a slag-blended cement with w/b = 0.32.
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nal hydration degree. The results of chemical shrinkage (Fig. 7),

which is a direct consequence of the hydration reactions show

the same tendency but a smaller difference compared to the hydra-

tion ones.

5.3.3. Effect of temperature

The effect of temperature was investigated using four values:

20 �C, 30 �C, 40 �C and 50 �C with water to binder ratio of 0.32

and 3460 cm2/g of fineness. It shows that the temperature plays

an important role on the hydration of the slag-blended cement.

Figs. 8 and 9 present the effect of the temperature on the hydra-

tion degree and the chemical shrinkage of the slag cement pastes

for a slag content of 30% and 50%, respectively. According to theses

figures, increasing the temperature increases the degree of hydra-

tion at a given time ‘‘t’’. As expected, the highest temperature

accelerates the hydration reactions but it has a tendency to not

change the final hydration degree (Fig. 8). For a slag content of

50%, the effect of the temperature becomes significant compared

to the case of 30%.

The results of chemical shrinkage (Fig. 7), which is a direct con-

sequence of the hydration reactions show the same tendency but

an important difference for a slag content of 50%, and the effect

of the temperature becomes important when the hydration time

increases.

5.4. Comparison between computed and measurement results

Fig. 10 presents the measured versus predicted hydration de-

gree of slag-blended cement with different slag proportions using

the identified parameters. The measured and predicted hydration

degree versus time are also presented. The experimental hydration

rate is calculated from the heat of hydration results: it is the ratio

of the heat of hydration released at a ‘‘t’’ time on the total heat re-

leased for a complete reaction.

For low slag content (0%, 30%), a significant difference is ob-

served between computed and experimental results during the

first curing hours. Beyond 50h, the predictions are in good agree-

ment with the measurements. For high slag content (50% and

80%), the opposite effect is observed. In fact the model is able to

predict only the first few hours of hydration (30 h and 15 h for slag

content of 50% and 80%, respectively). Beyond, that the model re-

sults diverge from the experimental ones. According to Fig. 10b

and from 30 h of curing time, the effect of the slag is clearly iden-

Fig. 8. Sensitivity analysis of proposed model: effect of the temperature on the

hydration degree of a slag-blended cement with w/b = 0.32 and 3460 cm2/g of

fineness.

Fig. 9. Sensitivity analysis of proposed model: effect of the temperature on the

chemical shrinkage of a slag-blended cement with w/b = 0.32 and 3460 cm2/g of

fineness.
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tified. Indeed, increasing the slag content increases the slope of the

curve of the hydration rate as a function of curing time. This effect

is clearly observed in both numerical and experimental results. So,

the model is able to predict the shape of the rate of reaction curve

but the amplitude is different from the experimental data.

The comparison between the experimental and predicted

chemical shrinkage results of the slag-blended cement is presented

in Fig. 11. The measured and predicted results versus time are also

given. A rather good agreement is obtained between the experi-

mental and the numerical results with the exception of 30% slag re-

sults. For the cement paste with 30% slag content, the experimental

and the numerical curves diverge at 50 h of curing. The model

underestimates the chemical shrinkage beyond 50 h. At 140 h,

the gap between experimental and numerical values reached

20%. The same is observed for the pure cement but with a smaller

gap of 5% at 140 h. As for hydration, the increase of the slag content

accelerates the chemical shrinkage. At 150 h, the slag-blended ce-

ment past with a slag content of 50%, presents the highest chemical

shrinkage.

Fig. 12 presents the measured versus numerical remained Port-

landite (CH) (g/g binder) with w/b = 0.32. The results over time are

also given. According to Fig. 12 and for low slag content, a good

agreement is observed between the predictions and the measured

quantity of remained CH. For high slag proportions, the measured

values of remained CH are different from the numerical ones.

Indeed, the model tends to underestimate the CH. The difference

between the experimental and numerical results increases with

increasing slag content. For low slag content, a large amount of

CH is produced by the hydration of the cement. Consequently,

the CH is sufficient to ensure the C/S ratio of 1.42 in C–S–H. It is

thus partially consumed. In case of low cement content, the

amount of CH produced by the hydration of clinker is not sufficient

to supply the constant C/S ratio of 1.42 in C–S–H. So, the slag

hydration consumes all the CH produced, and the C/S ratio in C–

S–H is lower than 1.42. In conclusion, with a higher slag content,

both the amount of CH and its ratio to the amount of Portland ce-

ment are lower. This implies that a part of formed CH is consumed

and this consumption is increased by increasing slag content.

The difference between the experimental and the simulation re-

sults for high slag proportions are not satisfactory compared to the

measured ones. This difference shows the complexity of slag ce-

ment reaction and its modeling. The difference may be due to sev-

eral factors: the lack of knowledge about the chemistry of slag

reaction, the extreme complexity interaction between slag and

Portland cement and the reactivity of slag in cement [27]. The reac-

tivity of slag is influenced by several factors, some being the inher-

ent properties of the slag itself, and the other being environmental

factors [27].

Fig. 11. Chemical shrinkage of binder with w/b = 0.32.Fig. 10. Hydration degree of binder with w/b = 0.32.
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The difference may be also due to the interaction of the cement

slag during hydration reactions [28,54]. The interlinked hydration

model may be influenced by the concentration of pore solutions

and pH level [28]. When CH does not become a critical factor in

the hydration reactions, the mutual interactions can be considered

through the amount of calcium hydroxide and capillary water left

in the system [28]. It should be noted that, the shortage of CH in-

duces a lackness of the slag hydration after which, slag particles

may have a micro-filler effect on the other components of clinker.

For a high slag proportion, this micro-filler effect becomes signifi-

cant, and in the proposed model this effect is not taken into ac-

count. So, the difference between the experimental and the

simulation results obtained by the proposed model at high slag

proportion mainly comes from the ignorance of this micro-filler ef-

fect [28,55].

Another difference may be the reduction in calcium ion concen-

tration in the pore solution due to the presence of slag [56]. The

differences could possibly be attributed to the slag’s retardation

and nucleation effects on cement hydration, that were not consid-

ered in the proposed model [49].

As mentioned in the above section, the highest level of fineness

accelerates the hydration reaction. This is due to the larger surface

area of grains that are exposed to water. However, this influence

may become significant or the least significant for high slag

proportion in slag-blended cement. This is not considered in the

present work.

6. Conclusion

This work constitutes one more step to reinforce the studies

concerning slag-blended cement hydration. In this paper, a ki-

netic model was proposed to describe the hydration process of

Portland cement containing blast furnace slag (BFS). The reaction

of slag was treated separately from that of cement hydration.

The interactions between the cement hydration and slag reaction

were considered through the available calcium hydroxide

amount in the system. The Knudsen model was used to study

the hydration of the slag using the stoichiometry of the reaction

between slag and Portlandite CH. The Knudsen parameters were

identified from the experimental data. The model takes into ac-

count several parameters such as the chemical composition of

cement and slag, the fineness, the curing temperature and the

water to binder ratio (w/b). Various slag contents are considered

in the model. Calculation results were compared to experimental

measurements. The result analysis of this study on the hydration

and chemical shrinkage modeling of slag-blended cement are

highlighted in the following points:

– The model correctly predicts the hydration rate of the slag-

blended cement pastes with low slag contents (0% and 30%).

For higher slag content, the model underestimates the progress

of hydration reactions but with a shape close to the one

obtained experimentally.

– The model demonstrates that the presence of blast furnace slag

causes an acceleration of the chemical shrinkage and the hydra-

tion process which were observed experimentally from the very

first hours.

– Good agreements between experimental and simulation results

were achieved for the chemical shrinkage.

– The measured values of retained CH are closed to the numerical

values. This proves the model’s ability to predict the amount of

CH consumed by the slag reaction.

– A sensitivity study was proposed to show the influence of cer-

tain properties of the proposed model.

The model proves the ability to reproduce significant results of

the hydration of slag-blended cement under several conditions.

The model is of direct interest for studying hydration of cementi-

tious materials containing blast furnace slag. Compared with

experimental results, the obtained results are encouraging. It

should be noted that, the identified parameters of this study de-

pend only on this type of slag. To tend towards a refined predictive

model, complementary studies would be required to identify all

physical coupling between the two hydration processes of both

Portland cement and blast furnace slag.
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