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Physico-chemical deformations of solidifying cementitious

systems: multiscale modelling

F. Grondin - M. Bouasker - P. Mounanga -
A. Khelidj - A. Perronnet

Abstract At early stages of hydration and in
autogenous conditions (no mass transfer with the
outside), solidifying cementitious systems exhibit
dimensional variations following two main processes:
Le Chatelier contraction (also called chemical
shrinkage) and self-desiccation shrinkage causing
autogenous shrinkage. Chemical shrinkage results
from the difference between the specific volumes of
reactants (anhydrous cement and water) and hydra-
tion products. Early-age autogenous shrinkage is
generally attributed to the development of a negative
capillary pressure in the porous network related to the
water consumption by the hydration reactions. If
restrained, deformations associated to these shrink-
ages can induce the development of internal stresses
high enough to generate cracking of the hardening
material. The purpose of this study is to propose a
multiscale approach to model the rate of self-desic-
cation shrinkage of cementitious materials at very
early-age, between 0 and 48 h. Within the first hours,
Le Chatelier contraction is computed from a
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formulation suggested in a later work which is based
on the chemical equations of hydration and the
specific volume of each phase. Then, when the setting
of the cement paste takes place, the autogenous
shrinkage is calculated according to the evolution of
the capillary pressure and the stiffness of the cement
paste. The stiffness is calculated by applying a
classical homogenization method. Computed results
are discussed and analyzed. Good agreements
between experiments and simulations are achieved
and a sensitivity study is performed to assess the
influence of the cement fineness and the aggregate
volume fraction on early-age autogenous strain.

Keywords Multiscale modelling -
Self-desiccation shrinkage - Cementitious materials -
Early-age

1 Introduction

The durability of structures is based on the knowl-
edge of the material properties used in their design.
The mechanical properties of cementitious materials
vary during the cement paste hydration. The hydra-
tion process depends on the initial cement
composition and the water volume used. During this
process, one can observe a volume variation of the
cement paste and a transformation of the material
from a semi-liquid phase with a visco-elastic behav-
iour to a solid phase. Under self-desiccation



conditions, the setting and the hardening of cemen-
titious matrices are accompanied by strains related to
the release of the heat of hydration, to Le Chatelier
contraction and to the self-desiccation of the porous
network. The release of the heat of hydration can
induce an increase of temperature of about 30-50°C
in massive concrete structures [2, 7, 55]. Le Chatelier
contraction is a phenomenon related to the phase
change of anhydrous elements of the cement (clinker)
in hydrous elements. This chemical transformation is
associated to a decrease of the specific volume of the
cement paste [32, 46]. The self-desiccation is related
to the progressive desaturation of the porous medium
caused by the water consumption during the hydra-
tion process. The self-desiccation shrinkage prevails
on the chemical shrinkage at the setting time.
According to various studies, it would be associated
mainly to the capillary pressure which increases with
the reduction in interstitial water used for the cement
hydration [31]. Strains observed at early-age are
particularly intense in the case of cementitious
materials with a low water-to-cement ratio (W/C)
[8, 33] and can be at the origin of an early age
cracking risk [49]. If the strains of thermal origin can
be simply evaluated from the thermal history of
material and the knowledge of its thermo-physical
properties [4, 19, 39] and its thermo-mechanical
properties [15, 29, 35, 47, 56], it is not the same for
the self-desiccation shrinkage (Le Chatelier contrac-
tion and the autogenous shrinkage) whose forecast
proves very complex, in particular at very early-age.
This complexity can be explained by the interactions
between the physicochemical phenomena (cement
hydration and Le Chatelier contraction) and mechan-
ical phenomena (the hardening and the capillary
pressure) of the cementitious matrices.

Models based on empirical relations have been
developed with an aim of calculating the strains due
to the autogenous shrinkage in cement pastes and
mortars [52]. But these macroscopic models do not
take into account the microstructure heterogeneities.
The homogenization methods have been developed
for the determination of the equivalent mechanical
properties of heterogeneous materials [1, 16]. It can
be distinguished homogenization explicit methods
and numerical methods. Explicit methods are based
on simple representations of the microstructure with
analytical resolutions of cellular problems. Numerical
methods allow to consider a richer microstructure but

need a numerical resolution of cellular problems [11,
24, 25, 38]. Recently, these methods have been
applied to the calculation of the mechanical proper-
ties and the autogenous shrinkage of cement pastes at
early-age [3, 14, 45, 54]. However, these various
models do not link the chemical shrinkage observed
before the setting and the self-desiccation shrinkage
at early-age.

In this work, we propose a model to calculate the
autogenous strains rate of cement paste and mortar at
very early-age. This model makes it possible to
calculate, at first, the chemical shrinkage related to Le
Chatelier contraction, then the autogenous shrinkage.
The evolution of the microstructural properties is
expressed as a function of the cement hydration
degree, calculated as the ratio between the volume of
the remaining anhydrous phases and their initial
volume fraction. A hydro-mechanical cellular prob-
lem is solved in a representative elementary volume
(REV) and the equivalent mechanical properties are
deduced by applying a homogenization method, the
self-consistent scheme [27], with an iterative method
[48]. Then, the autogenous shrinkage defined by the
macroscopic strains is relied to the local stress
solutions of the cellular problem.

The first chapter of this article is dedicated to the
presentation of the scientific background and the
objectives of the study. The second chapter is a brief
review of the cement chemistry and the relations used
for the calculation of the phase volumes during the
cement hydration. In the third chapter, the resolution
of the hydro-mechanical problem is given in detail. In
the last chapter, calculation results are compared to
experimental measurements and a sensitivity study is
proposed to show the influence of certain properties
of the solid components on the equivalent behaviour.

2 Research significance

The autogenous shrinkage is one of the phenomena
clearly identified as being at the origin of micro-
cracks in cementitious materials. If the shrinkage is
restrained, microcracks develop in the surrounding
zone of the aggregates and through-cracks appear in
the cementitious matrix. This involves an increase in
porosity and consequently a loss of the containment
properties of the material and an increase in its
permeability. The durability of structures depends,



amongst other things, upon the dimensional varia-
tions of the cementitious matrix at very early-age.
The self-desiccation shrinkage is a physico-chemical
phenomenon coupled to mechanical capillary effects
due to the pore water consumption during the cement
hydration. Within the first hours of hydration (since
the water—cement contact until the beginning of the
setting), the capillary effects can be considered as
negligible. During this phase, the self-desiccation
shrinkage corresponds mainly to chemical shrinkage
(also called “Le Chatelier contraction”) according to
a decrease of the absolute volume of material
involved by the chemical reactions (Fig. 1).

The work presented in this article concerns the
modelling of the autogenous shrinkage of hardening
cementitious matrices containing aggregates (typi-
cally mortars or concrete mixtures). This study aims
at explicitly taking into account the two phases of
early-age deformations, the first phase dominated by
the chemical shrinkage and the second controlled by
the self-desiccation and the capillary pressure within
the porous medium.

Numerical models have been developed for the
modelling of the hydration of cement pastes and
mortars [10, 30, 41, 57]. These models are charac-
terized by the way in which the cement particles are
hydrated. In this research, we propose a microme-
chanical model to calculate the mechanical properties
of cementitious materials at early-age by taking into
account the main cement reactions. The microme-
chanical approach is based on the work of Bernard
et al. [14]. The cementitious material is studied on
different scales:
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Fig. 1 Chemical and volumetric autogenous shrinkage of a
CEM 1 cement paste with W/C = 0.4 [18]

— scale I: the cement paste is considered heteroge-
neous and formed by a matrix represented by the
calcium silicate hydrate (CSH) containing all
others components of the cement paste (clinker
and formed phases during the hydration process),
water pores and air voids.

— scale II: the mortar is considered heterogeneous
and formed by the cement paste (homogenous on
this scale) containing aggregate.

On scale I, the homogenization calculation is made
with an iterative method [48]: inclusions are intro-
duced in the matrix one by one. And at each step, a
new equivalent matrix is defined by the homogenized
properties obtained by averaging the intrinsic prop-
erties of the initial matrix and of the inclusion.

3 The microstructural evolution of cement paste
during the hydration process

3.1 Hydration kinetics of cement components

In the objective to determine the cement paste properties
at early-age, we focus at first on the formation of its
microstructure. Partial volumes of the cement paste
components are calculated by using the chemical
relations of the cement hydration [44, 59] (see Appen-
dix A). The hydration of C3S and C,S gives an
amorphous gel formed by CSH and portlandite (CH) in
the porous phase. At the first contact between cement and
water, tricalcium aluminate C3A changes to C3(A,F)He.
At the beginning of the setting, ettringite (CsAS3Hs,) is
formed in the surrounding of tricalcium aluminate C;A
with impermeable properties which slow down the
hydration of C3A. When gypsum (CSH,) is totally
consumed, ettringite changes in monosulfate
(C4ASH;,) with also impermeable properties. In the
same way, tricalcium aluminoferrite C4AF forms
ettringite, monosulfate, ferrite (FH3) and portlandite.

The degree of hydration (&x) of each clinker is
defined by its normalized affinity A(¢y) and its
characteristic time associated with the reaction (tyx) in
the following way [50]:

déx _
x ar A(&x) (1)
where ty is a function of the temperature 7' and is
described by the Arrhenius law:



(T) = tx(To)exp [E;" (Ti - ;)} )

where 1x(T,) is the characteristic time at a constant
temperature 7o = 293 K, E,x (J/mol) the activation
apparent energy of each clinker phase X and R the
perfect gas constant (R = 8.314 J/mol/K). To take
into account the influence of the cement fineness (¢),
the kinetics parameters, obtained for a cement of a
fineness ¢ = 3602 cm?/g and an average particle size
r=15.10"* cm [14], can be corrected by an adjust-
ment of tx(Ty) as follow:

ox(To, ) = %rx%, o) (3)

The hydration reaction is developed in three steps:
dissolution of the clinker phases during the induction
period, nucleation according to the Avrami model [5,
6] and diffusion according to the work of Fuji and
Kondo [22]. The calculation of A(&y) at each step is
given in detail in [14].

This approach considers an individual kinetic rate
for each cement clinker and does not take into account
interactions between particles. In fact, within the first
hours, the hydration of C;S is slow down by the
hydration of C3A because it forms aluminates which
surround particles of C5S and limit their contact with
water. Otherwise, the hydration of C3S is fast and the
cementitious material is quickly very rigid. That is
giving a quasi-brittle material. So, in adding C5S in
cement, its hydration leads to a better handiness of the
material and reduces the brittleness. In this work, the
main objective is to propose a model for the calcula-
tion of the elastic behaviour of cementitious materials.
And the hydration model is a tool used to calculate the
evolution of the volume fraction of each phases. So,
any performed hydration models can be used in
coupling with the elastic model presented below.

3.2 Calculation of the volume of the cement
phases

The volume of each residual cement phase (V) can
be calculated as [14]:
Vx(t) = Veofx (1 — Ex(2)) (4)

where Vg is the initial volume of cement and fx
the initial mass fraction of cement phase X. In the

same way, the volume of the residual water is
equal to:

Vi(t) = Vio — Z Viéx(n) (5)
with
M
Vi = Veo nepcf/Mx
nxpg /Mg

where Vg is the initial volume of water, Vf the
volume of water consumed to hydrate the cement
phase X of molar mass My, Mg the molar mass of
water and Z—)E( the mole number of water () consumed
to hydrate one mole of cement phase (ny) of the
apparent density pc fx. Gypsum is consumed with
C3A and C4AF and it is supposed that the consump-
tion kinetic rate of gypsum can be defined by the
hydration rate of these two clinkers. So we calculate
the volume of gypsum as follow:

Ve (1) = Veafgyp(1 = B+ (3c,a(t) = 3c,ar(2)))  (6)

where the factor 3 is the stoichiometric coefficient of
the chemical reactions (see Appendix A) and f a
constant parameter which depends on the water-to-
cement ratio. In this study f is chosen equal to 2,
respectively 3, for W/C = 0.4, respectively W/
C = 0.3. This coefficient does not affect the hydra-
tion rate but allows to have an uniform consumption
of gypsum. Then, when gypsum is totally consumed,
ettringite changes in monosulfate and it is supposed
the following relation for the volume of ettringite
versus time:

Vett(t) = Vett(tg)(l - 0~5§C3A(I) - 0-55C4AF(t)) (7)

where V,,(t,) is the volume of ettringite at the
beginning of the formation of monosulfate and
the factor 0.5 is the stoichiometric coefficient of the
chemical reactions (see Appendix A). The volume of
hydrated phases can be calculated according to the
volume of elements which have reacted as for the
following chemical reaction:

nfVR o nRYR S opPyP P yr (8)

n-n m - m

we can write:
Vi =Y clg 9)
J=1

with
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where i respectively j, is the exponent relied to
products, respectively to reactants. The volume of
each component in the microstructure of the cement
paste is calculated along the hydration. These
volumes are then used in a multiscale approach to
compute the mechanical properties of cementitious
materials.

4 The multiscale approach

4.1 The equivalent hydro-mechanical behaviour
law

We consider a representative volume V formed by a
matrix V,,, and several types of inclusions, supposed to
be spherical and with the same size. Inclusions are
defined by their volume fraction in V: >, V; =V,
where V is the whole volume of the solid phases in V.
We call I',,; the interface between the matrix and the
inclusion i and OV the exterior boundary of the volume
V. The choice of the matrix depends on the evolution
of the cement hydration. The material is very “fluid”
before the setting of the cement paste and its elastic
modulus can be neglected [19]. At the beginning of
setting, the material turns into a “solid” and its elastic
modulus increases according to the age of the cement
paste. The stiffness of the material starts to increase
when there is percolation of the solid elements in the
volume. Some numerical methods [10, 54] and
experimental methods [58] have been developed for
the determination of the percolation threshold. In the
model presented in this paper, we suppose a theoret-
ical percolation defined by the self-consistent scheme
for which it takes place when the volume fraction of
the solid phase (V) becomes higher than that of the
liquid phase (V)). So, before the setting of the cement
paste, the matrix is formed by the capillary porosity
(water and voids) and the solid phases are the
inclusions. After the setting, we consider a matrix
formed by the CSH phase in which all other phases are
included as well as the capillary porosity.

Based on the methods proposed for the calculation
of the swelling of clay [34], we define the cement
paste as a biphasic medium composed of:

— a porous medium (V;) formed by the anhydrous
and hydrous elements,

— a medium (V;;) formed by the capillary porosity
with the capillary pressure p,.

These two phases are supposed to have an
isotropic behaviour law. To calculate the homoge-
nized elastic behaviour, a uniform strain field tensor
E is applied on the volume boundaries. This implies
local displacements fields u(y) , local strain fields
£(y) and local stress fields a(y) in each point y of V
which are solutions of the f(ﬁl(;wing cellular pro_blem:

a(y)=C(y) :ey) iV, (10)
a(y) = —pcd inVy (11)

where C° represents the stiffness tensor of V, under
drained conditions. By applying the Levin’s theorem
for the homogenization of elastic heterogeneous
media, the resolution of the cellular problem allows
to deduce the homogenized behaviour law on the
upper scale [20]. The homogenized behaviour law is
defined by the relation between the average stresses
(g), and the average strains (g), where g is the stress
tensor solution of the cellular problem:_

1

L= (gy= m/g(x)dy =CM": (e)y + 2
\4

=C'"E+% (12)

where C"™ is the homogenized stiffness tensor of the
material and X is the prestress field on the upper
scale defined by:

ghom :flgl : <é>1 +f2€2 : <é>11 (13)

7 =(a), = (ae)
= = ~ly ~ =lv

=h <t§>1 Lo +f2<tf}>11 Loy, = (_Pc)f2<lf>11 P9

(1_4)

where C! represents the homogenized stiffness tensor
of the medium V; and fi1 and f5 indicate, respectively,
the volume fraction of medium I and medium II and
C? the stiffness tensor of the capillary porosity of the
medium II defined by the water compressibility in the
unsaturated pores. A is the strain concentration tensor
as its average its Nequal to identity and it can be
decomposed in each domains of the material as (A),
and (A), are the strain concentration tensors in V/,

~



respectively in V. The strain concentration tensors
are determined by resolving the Eshelby’s problem
[21] (cf. Appendix B). By considering an isotropic
elastic behaviour for the homogenized medium, the
homogenized stiffness tensor can be defined by the
homogenized compressibility and shear moduli,

respectively K" and p""™:
Chom _ 3khom I vol 4 2'uhom I dev (15)
k"™ and ;"™ check the equation system obtained by

using the expressions of (27), (28) and (29) for an
isotropic medium:

2 ki — Jhom
f ’ =0 (16)
; I+ o(k; — khom) Jiche
2 hom
K — R
Ji =0 17
,; L B — whom) e i)
with
3khom 6 khom 2 hom
«=————— and ﬂ = ( /s )

S(Skhom + 4'uhom)
(18)

where f;, k; and p; are the volume fractions, the

compressibility and the shear moduli of each phases i,

respectively. The prestress field is then written as
follow:

2 = [fped]

+ [k — ik, — (1 — f)ki] k;’”klg (19)

3kh0m + 4luhom

g’ can be also written in the form —pbé [42, 43],
where b is the isotropic Biot’s coefficient associated
to the capillary pressure p,.:

[Krom — foky — (1 = f2)ki |

b:
H+ (s

(20)

4.2 The capillary pressure in pores

At the first contact between water and cement, all
components are disjoined. The setting of the cement
paste begins when the percolation of the solid phase,
formed by the hydrous and the anhydrous phases,
takes place. At this time, we can consider the
formation of a capillary porosity network. Also, the

CSH gel contains a porosity network formed by
smallest pores (of Angstrom order). And, during the
hydration process, water leaves the capillary porosity
to hydrate the residual anhydrous elements of cement
by filling the CSH gel porosity. The desaturation of
the capillary pores generates a capillary pressure p,
which is the difference between the air pressure (p,,)
and the water pressure (p;):

Pc =Pa — D1 (21)

According to the work of Kelvin, the capillary
pressure is associated to the saturating air vapor
pressure, and thus the relative humidity. In a first
approach, we have chosen to use an empirical law of
the capillary pressure in relation to the liquid
saturation (S) without taking account the variation
of the pore size as recommended by Powers and
Brownyard [46]. This capillary pressure is deduced
from isotherms measurements of air vapor desorption
in cement paste and concrete [9]:

pe(8) = M(s™ — 1)1/ (22)

where M and m are constant parameters depending on
the material, such as for a cement rich in C;S
(57.28%):

— M = 375479 MPa, m = 2.1648 for a cement
paste with a water-to-cement ratio W/C = 0.34,

— M = 18.6237 MPa, m = 2.2748 for an ordinary
concrete with a water-to-cement ratio W/C =
0.48, an aggregate to cement ratio A/C = 5.48
and a sand to gravel ratio S/G = 0.62 in mass
proportions.

As this pressure relation has been deduced from
isotherms measurements, we do not consider the
temperature effects on the capillary pressure in this
study. The calculation of the liquid saturation S is
based on the ratio between the water volume and
the total porosity volume during the hydration
process. But, in the calculation of the mechanical
properties, according to the relations (16), we
suppose two distinct volumes: a volume fraction
of pores saturated with water and a volume fraction
of pores saturated with air. We have made this
hypothesis because it is not possible to calculate
the homogenized mechanical properties by consid-
ering unsaturated pores.



4.3 Calculation of the cement paste shrinkage
at early-age

Before the setting, the chemical shrinkage of the
cement paste is the main component of the autoge-
nous strain. The model developed by Mounanga et al.
[40] is adopted to calculate the chemical shrinkage of
the cement paste as:

Aé(l) = ASG“VMG/V + ASC;SMC3S(I)
+ Agc,sMc,s (1) Aec,aMc;a(t)
+ At‘f‘C4AF]WC4AF(t) + ASEttMEtl(t) (23)

where Ag; is the chemical shrinkage (in mm® per
gram of cement) produced for the hydration of 1 g of
the anhydrous phase i and M; the mass fraction (in
gram per gram of cement) of this phase hydrated at
the time . M; can be determined by the calculation of
the phase volume. At setting, the material begins to
gain stiffness and the capillary pressure starts to exert
a tensile load on the mineral skeleton of the cement
paste. By using the homogenized behaviour law (12)
and by supposing that the volume is free to deform
under a uniform pressure, we deduce the following
relation for the strain field on the upper scale,
corresponding to the autogenous shrinkage of the
cement paste:

(24)

where k20", respectively K", is the homogenized
compressibility modulus of the cement paste, respec-

tively of the solid phase.

4.4 Calculation of the mortar shrinkage
at early-age

Mortar and concrete contain sand grains and
aggregate mixed in the cement paste in a random
way. In the model presented in this paper, the
aggregate size distribution supposes a single size
and a spherical shape for all aggregate. We apply
the Mori-Tanaka homogenization method on the
mortar scale to calculate the compressibility mod-
ulus (k™) and the autogenous shrinkage at early-
age (dE™) [45]:

-1
khom f
dE" = f.,—L_ — | dE? (25)
L ki Z 14 prho ki

where f, is the volume fraction of aggregate and k,
their compressibility modulus. In this equation, the
> relation allows to add aggregate with different
mechanical properties.

In cementitious materials containing aggregate, we
can observe, during the hydration process, the
formation of an interfacial transition zone (ITZ)
around aggregate. Most of the studies carried out on
ITZ generally concluded on higher porosity and
lower mechanical properties [36, 37]. Within the
framework of this study, scanning electron micro-
scope (SEM) observations (Fig. 2) have shown that
ITZ is significant only after 48 h in mortars with
various A/C and W/C [17]. So, we can consider that
the mechanical and diffusion properties of the ITZ
are close to that of the bulk paste before 48 h. At48 h
many micro-cracks were observed in the cement
paste in the vicinity of the aggregates. These micro-
cracks can nucleate, on the one hand, during the
sample preparation and particularly by the drying
during the SEM observation and, on the other hand,
by the restrained shrinkage and the internal stress
relaxation of the cement paste. Additional tests will
be made in order to quantify the relative share of each
one of these phenomena. In this study, we focus on
the behaviour of cementitious materials between 0
and 48 h and the nucleation of micro-cracks are not
modeled.

5 Application of the model, comparison
with experimental results and sensitivity study

5.1 Input parameters

The model presented here is based on the knowledge
of the material component properties. Calculations
have been made for a cement of type CEM I 52.5
(Saint Pierre la Cour). The Bogue’s composition has
been kept constant: 62% C3S, 11% C,S, 8% C3A, 8%
C4AF and 7% CSH, with a fineness ¢ = 3390 cm?/g.
The kinetic parameters of the cement hydration and
the elastic moduli of the cement paste phases have



Fig. 2 SEM micrographs
showing the time evolution
of the ITZ microstructure of
a mortar specimen (CEM I
cement, W/C=0.3, Le
Boulonnais sand, S/C=1).
S: sand, CP: cement paste
(1000x). a At 5 h of
hydration. b At 10 h of
hydration. ¢ At 48 h

of hydration. d At 96 h

of hydration

been chosen from the literature review [14, 26] and
the elastic properties are presented in Table 1. The
calculation of the homogenized elastic properties, by
applying the self-consistent scheme, needs the
knowledge of the elastic properties of all phases.
So, we consider all phases as elastic inclusions and
we characterize air filed pores and water filed pores
by a compressibility modulus and a shear modulus. It
can be noted for some Young’s moduli that their
values are between a minimum (E,,;,) and a maxi-
mum (E,,,,). In Table 1, CSH, and CSH,, represent,
respectively, the CSH with a low-density and the
CSH with a high-density. The CSH,, is formed around
C;S and C,S during at very early age and the CSH,, is
formed around the CSH,, in a second step [28, 53].
As written above, the hydration process occurs in
three steps: the dissolution, the nucleation and the
diffusion. The parameters of the nucleation have been

)

chosen in the literature review [13]. The diffusion
depends on the permeability of the CSH gel pores
surrounding the clinker. Calculations for a cement
paste with a water-to-cement ratio W/C = 0.4 have
been performed to rely the start of the diffusion to the
liquid saturation which is equal to 99.2%. In fact, the
saturation threshold depends on the initial W/C and
the type and fineness of the cement used. One of the
perspectives of this work is to identify correctly this
saturation threshold by measuring the increase of the
capillary pressure.

5.2 Experimental tests

Hydration degree, chemical and autogenous shrink-
age and Young’s modulus measurements have been
achieved for cement paste prepared with cement
whose composition is described in the previous



Table 1 Elastic moduli of the cement paste phases

Phase E (GPa) v [—]
CSH, 19-23.9 0.25
CSH, 27-35 0.25
CH 33-48 0.324
C5S 128-152 0.314
C,S 110-150 0.314
C3A 110-170 0.314
C4AF 100-170 0.314
CsAS;3H3, 224 0.25
CSH, 45.7 0.33
C4ASH|, 423 0.324
C3(AF)Hg 224 0.25
FH; 224 0.25
k (GPa) 1 (GPa)
Water 2.2 0
Air 0.141 0

section and considering two W/C ratios equal to 0.3
and 0.4. All tests have been carried out at constant
temperature 7 = 20 £ 0.5°C. The chemical shrink-
age was measured by keeping permanent water
saturation in the cement paste sample according to
the protocol test described by Mounanga et al. [40].

For the measurement of the autogenous shrinkage
(external shrinkage), the volume method by hydro-
static weighing was used. An original experimental
device equipped with a rotating system has been
developed in order to avoid bleeding and segregation
effects on the measurement result [17]. Paraffin oil
was used as the immersion liquid to limit the liquid
absorption by the sample. The Young’s modulus was
deduced from measurements of wave propagation in
cement paste prismatic specimens, using a non-
destructive method (Grindosonic®).

5.3 Comparison between numerical
and measurement results

Figure 3 shows results obtained for the hydration degree
of cement pastes with different W/C ratios. Calculated
results obtained for cement pastes with W/C =
0.3 and W/C = 04 are compared to experimental
measurements. We can observe that the hydration
degree calculated for W/C = 0.4 is in good agreement
with the experimental values. For lowest W/C (=0.3),
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Fig. 3 Evolution of the calculated hydration degree of two
cement pastes (W/C = 0.3 and W/C = 0.4) and comparison
with experimental measurements

the model under-estimates the hydration degree. This is
due to an hypothesis made at the first hours of the
hydration during the dormant period which depends on
the W/C ratio and on the cement type. In first
approximation we have considered a constant dormant
period between 0.5 and 2 h.

By considering that the hydration degree is
sufficiently representative, the model has been com-
puted to calculate the volume phases in the
cementitious material during the hydration process.
The consumed and the formed phases can be
distinguished, respectively, on Figs. 4 and 5.

Then, by applying the self-consistent scheme
(16-17) with the knowledge of the individual
mechanical properties of the material phases
(Table 1) and their volume fraction calculated below,

06

Volume fractions [-]

Age [Hours]

Fig. 4 Calculated volume fractions of consumed phases
versus time in a cement paste with W/C = 0.4
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Fig. 5 Calculated volume fractions of formed phases versus
time in a cement paste with W/C = 0.4

the homogeneous Young’s modulus can be com-
puted. A calibration of the Young’s moduli of the
cement paste phases has been made in order to
choose the best values for the homogenization
calculation. The curve E,,;,, respectively E,,,, pre-
sented on Fig. 6 has been obtained by taking the
lowest values, respectively highest values, of the
Young’s moduli of the cement paste phases given in
Table 1.

It is observed that for the lowest values, the
multiscale model can predict the Young’s modulus
before the diffusion phenomena and for the highest
values, the model can predict the measured value at
few days (3 days). So, we suggest to use the
following algorithm based on a progressive increase
in the moduli of phases starting from the beginning of
the diffusion (¢t = t4) up to t, = 48 h for which the
macroscopic modulus is closed to the average value
Eavg = (Epin + Enax)/2:

35000

30000
25000
20000
15000
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5000

Fig. 6 Influence of the choice of the input elastic parameters
on the Young’s modulus
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- ift<tdi,Ei=Efnin

- if tdif <tr<t, Ei = (Ezizvg - Ef’nin)/(t - tdlf)+
E:'nin . .
- ifr>1, E'=E,,

Calculated results obtained for cement pastes with
W/C = 0.3 and W/C = 0.4 are in good agreement
with experimental measurements (Fig. 7).

Calculated results obtained for the chemical
shrinkage and the autogenous shrinkage are com-
pared to experimental measurements in Fig. 8. The
Biot’s coefficient of cement pastes has been calcu-
lated using the relation (20) and results are presented
in Fig. 9. As expected, the Biot’s coefficient
decreases according to the decrease of the liquid
saturation in pores during the hydration.

Test WiC=0.3 —a—

Young Modulus [GPa]

F Test WIC=0.4 —=
f Simulation WiCe0.3 —
/ Simulation W/C=0.4

Age [Hours]

Fig. 7 Confrontation of the calculated Young’s modulus and
experimental measurements for two cement pastes (W/C = 0.3
and W/C = 0.4)
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Fig. 8 The chemical shrinkage and the autogenous shrinkage
of a cement paste with W/C = 0.4
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Fig. 9 Evolution of the Biot’s coefficient for the two cement
pastes

5.4 Influence of the cement fineness

The cement fineness is defined 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 and of the
cement paste autogenous strain [12, 23, 51]. In the
model presented in this paper, the cement fineness is
an input parameter for the simulation of hydration.
Calculations have been performed to quantify the
influence of this parameter on the results provided by
the model. The input cement properties are the same
as those defined below and the W/C ratio is 0.4.
Calculated results on the Young’s modulus are
plotted in Fig. 10 and the autogenous shrinkage in
Fig. 11 for various cement fineness (the autogenous
shrinkage is presented by cutting off the chemical

450 [m kg)

20

Young Modulus [GPa]
n

0 10 20 30 40 S0 60 70 80
Age [Hours]

Fig. 10 Influence of the cement fineness on the Young’s
modulus of a cement paste with W/C = 0.4
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shrinkage phase). As expected, the highest cement
fineness gives the highest stiffness and the highest
volume reduction.

5.5 Influence of the granular inclusion fraction

In this part, we present simulation results for the
early-age self-desiccation strain of mortars. The W/C
ratio is 04 and the cement fineness is
$o = 360.2 m?/kg. The Young’s modulus of the
sand grains has been chosen equal to 60 GPa and the
Poisson’s ratio equal to 0.28. The numerical results
show that the increase of the S/C ratio leads to an
increase of the Young’s modulus (Fig. 12) and a
decrease of the autogenous strain of mortars
(Fig. 13). In Fig. 14 the ratio between the autogenous
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Total strains [mim]

-2e-005

-2.5e-005

-3e-005
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Fig. 11 Influence of the cement fineness on the autogenous
shrinkage of a cement paste with W/C = 0.4
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Fig. 12 Influence of the sand content S/C on the homogenized
Young’s modulus
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Fig. 14 Ratio between the autogenous shrinkage of mortar
and the cement paste at 72 h (¢"'/e7)

shrinkage of mortars (¢™) on the autogenous shrink-
age of the cement paste () is plotted at (72 h). The
increase of the Young’s modulus as a function of the
sand content is explained by the higher stiffness of
the granular inclusions in comparison with the
cement paste. The early-age deformations due to
capillary pressure effects are therefore lower when
the sand content increases.

6 Conclusion
In this work, we propose a multiscale approach for

the calculation of the early-age autogenous shrinkage
of cementitious materials. To model these

12

phenomena, we have calculated the microstructure
properties of cement pastes along the hydration time.
The cement paste components have been taken into
account in the calculation by using the chemical
relations of the cement hydration [14]. Before the
setting of the cement paste, a chemical shrinkage
occurs and have been relied to the chemical shrinkage
of each cement components [40]. After the setting of
the cement paste, the material can be modeled by a
porous medium formed by a solid phase and a
capillary porosity. By solving a hydro-mechanical
cellular problem in a REV, taking into account the
pore pressure, and by applying the self-consistent
scheme, we have calculated the homogenized
mechanical properties and the macroscopic strain,
or the autogenous shrinkage, of cement pastes. By
considering the presence of rigid inclusions, as
aggregates, we have modeled the autogenous shrink-
age of mortars. Results obtained by the multiscale
model show that we can predict the evolution of the
chemical and self-desiccation shrinkage and the
elastic properties. During setting, we have observed
a small difference between the experimental and
numerical values for the Young’s modulus of cement
pastes. That can be explained by a viscous behaviour
of the cement paste during the setting time which
changes from a fluid behaviour to a solid state. In this
first approach, we have not considered the viscous
part of the behaviour. Calculations of the autogenous
shrinkage are relatively close to the experimental
measurements. The sensitivity study has made pos-
sible to highlight, on the one hand the influence of
some parameters on the cementitious materials prop-
erties at early-age, and on the other hand the
sensitivity of calculations with respect to these
parameters. The model is based on a large choice
of the material properties and thus makes possible to
study many formulations of cementitious materials.

In perspective, we wish to develop a tool able to
predict the behaviour of cementitious materials
during their service-life from the setting to their
exploitation in various environments. SEM observa-
tions have shown the presence of micro-cracks
surrounding aggregates in mortars after 48 h. All
most of these micro-cracks appear in the ITZ. In
order to study the self-desiccation shrinkage up to
few days, a coupling with a damage model will be
studied.



Appendix A: Chemical relations of the cement
hydration [50]

C3S + 5.3H — CSH + 1.3CH

C,S +4.3H — CSH + 0.3CH

C3;A + 6H — C3(A,F)Hg

C4AF + 10H — C3(A,F)Hg + FH3 + CH

C3A + 3CSH, + 26H — C4AS;H3,

C4AF + 3CSH, + 30H — C¢AS;H3, + FH; + CH

2C;3A + C¢AS;3H3, + 4H — 3C4ASH»

2C4AF + CgAS;H3, + 12H — 3C4ASH,, + 2FH;
+2CH

Appendix B: The Eshelby’s problem [21]

The strain concentration tensors (A); and (A),, check

~ ~

the following identity:
I =fi(A), +(A)y

where [ indicates the fourth-order identity tensor.
Consequently, the equation (26) in (13) allows to

write:

Chm = Ol (1= f)(CP = C1): (4),

where (A),; is defined by the following relation:
W =[1+P 2 (C* =]

where P! represents the Eshelby tensor and for

spherical inclusions we write:

1 1 vol 3(ki +2u)

Pl = dev
~ Bk +4u ~ Suy Bkt +4u,) ~

with 1V = %&jékl and 1+ [%" = | where Jis

the second-order identity tensor.
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