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CEMENT-BASED MATERIALS: MULTISCALE CHARACTER 

AND AGEING BEHAVIOUR 

 

Properties evolving at early age (ageing)  
Differents  phenomena taking place at different time and space scales: 

Dissolution/precipitation ITZ 

 Mismatch of properties matrix/inclusions 

Heterogeneous distribution of stresses/strains 

 

Environmental conditions 

Internal restraint 
External restraint 

Shrinkage 

Creep 

Space filling 

Background 

Industrial applications   good description of macroscopic properties at 
the relevant scale of application 



AGEING LINEAR VISCOELASTIC BEHAVIOUR 
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[Volterra 1887] 𝑓 ∘ 𝑔 𝑡, 𝜏 ≡  𝑓 𝑡, 𝑡′
𝑡

𝑡′=−∞

𝑑𝑡′𝑔(𝑡
′, 𝜏) Volterra integral operator : 

 

Introduction 

𝛆 𝑡 = 𝕊 𝑡, . : 
∘

𝛔 . ,  𝛔 𝑡 = ℝ 𝑡, .  : 
∘

𝛆 . , 

𝛆 𝑡 =  𝕊 𝑡, 𝑡′
𝑡

𝑡′=−∞

: d𝛔(𝑡′) 

Ageing aspect Dependence of the time of loading 

Constitutive 
behaviour at 
ageing linear 
viscoelasticity: 

𝛔 𝑡 =  ℝ 𝑡, 𝑡′
𝑡

𝑡′=−∞

: d𝛆(𝑡′) 

Similar form as in Elasticity   Correspondance principle 

Method to evaluate Volterra integrals: Trapeizodal rule 
Mori-Tanaka Scheme in ageing linear viscoelasticity 
Implement in FEM Code  B. Bary Cast3M 

[Bazant, 1972] 

[Sanahuja, 2013] 

𝛆 𝑡 =  𝕊 𝑡 − 𝑡′
𝑡

𝑡′=−∞

: d𝛔(𝑡′) 𝛔 𝑡 =  ℝ 𝑡 − 𝑡′
𝑡

𝑡′=−∞

: d𝛆(𝑡′) Non-ageing case 



GOALS AND STRATEGY 

Goals 
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Estimate the ageing properties of concrete from the composition of the 
cement paste 
Focus on the role of the coarse aggregates but without neglecting the effects 
related to the other scales within the material 

Approach 

Generalized Self 

consistent scheme 

(GSC) 

Mori-Tanaka 

scheme (MT) 

Introduction 



ANALYTICAL HOMOGENIZATION  
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Derivation of Generalize Self-Consistent scheme  

Bulk relaxation function 

Following Herve and Zaoui [1992] 
 

 
For n = 2 (1 layer): 

Shear relaxation function  

Problem: Inversion of a matrix with non-
commutative elements 

Schur complement 
NCAlgebra (package for Mathematica) 

𝑘(2)
𝑒𝑓𝑓

=  𝑅2
3𝑘2 ∘ 4𝜇2 + 3𝑘2

−1 ∘ 4𝜇2 + 3𝑘1 − 4𝜇2 ∘ 4𝜇2 + 3𝑘2
−1

∘ 𝑅1
3(𝑘2 − 𝑘1)  

∘  𝑅2
3 4𝜇2 + 3𝑘2

−1 ∘ 4𝜇2 + 3𝑘1 + 3 4𝜇2 + 3𝑘2
−1

∘ 𝑅1
3(𝑘2 − 𝑘1)  

−1
 

[Honorio et al. under review] 

Homogenization in an ageing linear viscoelastic framework 

Derivation of Mori-Tanaka scheme  

Obtained by Sanahuja [2013] 



NUMERICAL HOMOGENIZATION 

|  PAGE 6 CEA | September 21st 2015 

Pour insérer une image : 

Menu « Insertion  / Image » 

ou 

Cliquer sur l’icône de la zone 

image  

Goals 
Get local information 

Study more complex microstructures 

Validation of the analytical derivations 

 

Generation of numerical samples with 
Salome  
Classical FE method  Cast3M (CEA) 
Ageing linear viscoelastic behaviour 
implemented with MFront code 
generator 

Maxwell rheological model coupled 
with an ageing function 
Based on trapezoidal rule 

 
 

[Bary et al. 2013; de Larrard et al. 2013] 

Homogenization in an ageing linear viscoelastic framework 

Definitions and strategy 

[Bazant, 1972] 

Polyhedral 

inclusions 

Spherical 

inclusions 

30 % 

40 % 

50 % 

40 % 



DEFINITION OF C-S-H VISCOELASTIC BEHAVIOUR 
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C-S-H HD C-S-H LD 

From nanoindentation results: 

𝐽𝑢𝑛 𝑡, 𝑡0 =
1

𝐸
+

1

𝐶𝑣(1 + 𝜐2)
ln 1 +

𝑡 − 𝑡0
𝜏

 𝐶𝑣(𝜂𝑝) = 1588.9 𝜂𝑝 − 0.5 +
1.597

 

[Vandamme, Ulm 2009] 

Packing density 

[Honorio et al. submitted] 

Estimation of the ageing properties of cement-based materials 

Creep function of C-S-H HD: 
Non - ageing 

Creep function of C-S-H LD: 
Non - ageing 

C-S-H Non-ageing behaviours: 

𝜂𝑝 = 0.77   𝜂𝑝 = 0.66 



DEFINITION OF C-S-H VISCOELASTIC BEHAVIOUR 
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C-S-H HD 
C-S-H LD 

Coupling with a space-filling process [Bishnoi, Scrivener 2009; Do, 2013] 

[Honorio et al. submitted] 

Estimation of the ageing properties of cement-based materials 

Creep function of C-S-H HD: 
Ageing Creep function of C-S-H LD: 

Non - ageing 

C-S-H Ageing behaviours: 

𝜂𝑝 = 0.77   𝜂𝑝 = 0.66 

𝜂
𝑝
=
𝜌 𝑡𝑠

𝜌
𝑚𝑎𝑥
𝑝𝑎𝑐𝑘

= 1 −
𝜌
𝑚𝑎𝑥

− 𝜌
𝑚𝑖𝑛

𝜌
𝑚𝑎𝑥

exp
−𝑘𝐷𝐸𝑁 

𝜌
𝑚𝑎𝑥

− 𝜌
𝑚𝑖𝑛

𝑡𝑠  
𝜌𝑚𝑎𝑥
𝑝𝑎𝑐𝑘 = 2.2 g/cm3 

𝜌𝑚𝑎𝑥 = 𝜌𝑚𝑎𝑥
𝑝𝑎𝑐𝑘 𝜌𝑚𝑎𝑥 = 1.88 



ESTIMATION OF THE CEMENT PASTE BEHAVIOUR 
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Evolution of 

volume 

fractions for 

each layer 

Representations of 

the microstructure 

Solidification mechanisms 
Inner layer 

Outer layer 

Estimation of the ageing properties of cement-based materials 

time 

time 

[Bazant, 1977; 

Sanahuja, 2013b] ℝ𝑖 𝑡, 𝑡0 = ℝ𝑠 𝑡 − 𝑡0  H(𝑡0 − 𝑡𝑖
𝑠)  



ESTIMATION OF THE MORTAR BEHAVIOUR 

|  PAGE 10 CEA | September 21st 2015 

Pour insérer une image : 

Menu « Insertion  / Image » 

ou 

Cliquer sur l’icône de la zone 

image  

ITZ description 

Composition: porosity, CH, AF phases…  

Size 

Thickness 

Interpenetration of neighbouring ITZ 

[Garboczi and Bentz 1997] 

ITZ 

𝑒𝐼𝑇𝑍= 20 μm  

Mortar ITZ 

Representations of the microstructure 

Estimation of the ageing properties of cement-based materials 
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Creep function 

EFFECTIVE PROPERTIES OF CEMENT PASTE 

Bulk relaxation function 

Results 
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• Scenario with space-filling  more creep at early age 

• Ageing character  almost vanishes after 15 days 

With space-

filling: 

Ageing C-S-H 

behaviour 

Non-ageing C-S-H 

behaviour: 

NO space-filling 
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Creep function 

EFFECTIVE PROPERTIES OF MORTAR 

Bulk relaxation function 

Results 

• Cement paste creeps more than mortar 

• Scenario with space-filling  more creep at early age 

• Ageing character  almost vanishes after 15 days 

With space-

filling: 

Ageing C-S-H 

behaviour 

Non-ageing C-S-H 

behaviour: 

NO space-filling 
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Two numerical samples studied: 

[Bary et al. 2014] 

ESTIMATION OF CONCRETE BEHAVIOUR 

fGra = 40%  

SUBC 

Estimation of the ageing properties of cement-based materials 
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Creep function 

EFFECTIVE PROPERTIES OF CONCRETE 

Results 

• Adequate estimations of basic creep  

• Further investigations needed to compare behavious with and without space-filling 

With space-filling: 

Ageing C-S-H behaviour 
Non-ageing C-S-H behaviour: 

NO space-filling 

1
 d

a
y
 2

 d
a

y
s
 

7
 d

a
y
s
 

1
4

 d
a

y
s
 

Creep function 

1
 d

a
y
 2

 d
a

y
s
 

7
 d

a
y
s
 

1
4

 d
a

y
s
 

Experimental: Dots 

 

Estimations: 

Polyedral incl.: Dotted lines 

Spherical incl: Full lines 
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LOCAL INFORMATION 

Strains (in the direction 

of the loading) within 

aggregates and mortar 

matrix  

Results 

• Similar behavious between both aggregates shapes 

• Larger dispersion of strains with time 

With space-filling: 

Ageing C-S-H behaviour 

Non-ageing C-S-H behaviour: 

NO space-filling 

 Distribution of the 

uniaxial strain for the 

matrix: comparison 

between microstructures 

with spherical and 

Voronoi inclusions 

t = t0 + 0.5 

days 

 t0 = 2 days  
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CONCLUSIONS AND PERPECTIVES 

Development of tool to estimate the evolution of ageing properties of 
concrete, especially the viscoelastic properties. 
 
Reasonable agreement between experimental and estimated viscoelastic 
properties at early-age 
 
Towards a better understanding of the mechanisms affect the mechanical 
behaviour at early-age 
 

Multiscale experimental campaign: viscoelastic behaviour measures at 

cement past, mortar and concrete scales) 

Inverse analysis: determine C-S-H behaviours; ITZ behaviour 

Formal treatment to define the coupled size and the boundary conditions 

effects in (ageing) linear viscoelasticity  

Robust thermodynamic derivation of thermal properties and a study about 

the dependency of the temperature 

Perspectives: 
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