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Background
Cea den CEMENT-BASED MATERIALS: MULTISCALE CHARACTER

AND AGEING BEHAVIOUR

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

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

C-S-H Cement paste Mortar Concrete Reinforced concrete

structure
N N I I M A
m

nm um mm cm
Dissolution/precipitation ITZ Environmental conditions
Creep Mismatch of properties matrix/inclusions

_ Heterogeneous distribution of stresses/strains
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t t
behaviour at g(t) = j S(t,t"):de(t’)  o(t) = f R(t,t"):de(t")
ageing linear t'=—oo t/=—oo

viscoelastiCity: g ageing aspect ->Dependence of the time of loading
B Non-ageing case g) = f S(t—t"):do(t") o(t) = ft R(t —t"):de(t)

B \olterra integral operator: (feg)(t 1) = j f(t,t)dpg(t',t) [Volterra 1887]
t'=—o0

£(t) = S(¢,.)7 6 (), 6(6) = R(t.) " e(),

B Similar form as in Elasticity - Correspondance principle

B Method to evaluate Volterra integrals: Trapeizodal rule [Bazant, 1972]
B Mori-Tanaka Scheme in ageing linear viscoelasticity [Sanahuja, 2013]
B Implementin FEM Code - B. Bary Cast3M
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bt ih necwencnr A v inousrare Introduction

Claden GOALSAND STRATEGY

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

Ap p roac h Cement Paste Mortar
Generalized Self |
consistent scheme %
(GSC)
Mori-Tanaka | ; |
scheme (MT) = . | cHeypum | 117
Hydration product layers
Level 1a Level 1b Level 1c

Analytical homogenization Numerical homogenization
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Homogenization in an ageing linear viscoelastic framework

Cea den ANALYTICAL HOMOGENIZATION

Derivation of Mori-Tanaka scheme
B Obtained by Sanahuja [2013]

Derivation of Generalize Self-Consistent scheme
B Following Herve and Zaoui [1992]

Bulk relaxation function
B Forn=2(1layer):
g)f [R2%ky o [4py + 3kz]™" o [4py + 3kq] — 4y o [4py + 3k,] 71
o [Ri3(kz — k)]
o [R2°[4z + 3ka]™" o [4u + 3kq] + 3[4p, + 3kz] 7
° [R13(k2 - k1)]]_1

Shear relaxation function

B Problem: Inversion of a matrix with non-
Commutative elements [Honorio et al. under review]
B Schur complement
B NCAIlgebra (package for Mathematica)
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Homogenization in an ageing linear viscoelastic framework

Cea den NUMERICAL HOMOGENIZATION

Goals
B Getlocal information

B Study more complex microstructures
B Validation of the analytical derivations

Definitions and strategy

B Generation of numerical samples with
Salome [Bary et al. 2013; de Larrard et al. 2013]

B Classical FE method = Cast3M (CEA)

B Ageing linear viscoelastic behaviour
implemented with MFront code

generator : Polyhedral
B Maxwell rheological model coupled inclusions
with an ageing function ———————— -

B Based on trapezoidal rule [Bazant, 1972]

Spherical
inclusions
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Estimation of the ageing properties of cement-based materials

Cea den DEFINITION OF C-S-H VISCOELASTIC BEHAVIOUR

B From nanoindentation results:  [vandamme, Uim 2009]

]un(t tO) =

t—t
In|1+=—| Cofy) = 158894, — 05), %

T~ Packing density

E C »(1+v2?)
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Estimation of the ageing properties of cement-based materials

Cea den DEFINITION OF C-S-H VISCOELASTIC BEHAVIOUR

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

. _p(®) _ (Prmax = Prnin) exp l —kpEn ( tS)] pPack = 2.2 glem3
p p'fpna(f;c 'Dmax pmax _ mln

B C-S-HAgeing behaviours:
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be ix nechncnE A Linausrers Estimation of the ageing properties of cement-based materials

CCaoden EsTIMATION OF THE CEMENT PASTE BEHAVIOUR

g . Solidification mechanisms [Bazant, 1977;

F Sanahuja, 2013b] |
Rt = Ry(t— ) H(tg — 1) J I
s P :
' Capillary

- 02 04 0.6 08 g pores : g

Degree of hydration [~] . . .

Outer layer: é CH, gyp sum g g é

10 \ :  oraluninates : : :
Ig . C-5-H pores
§ 5 Pl :
F C-S-HLD P _ :
£ E : time :
ogp ez 0s 0e 0r P
Degree of hydration [~] E " H E E E
Evolution of Cemept Phste P
volume
fractions for : - : :
each layer

: § : >t > & :

Representations of time
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Estimation of the ageing properties of cement-based materials

Ceaden ESTIMATION OF THE MORTAR BEHAVIOUR

- Capillary

pores
e
.’f—""i CH. gypsum
s . £ -
‘'@ A or aluminates
e Sand
e
A ~~ C-S-Hpores
" C-S-HLD
Representations of the microstructure
ITZ description

B Composition: porosity, CH, AF phases...

m Size
B Thickness errz=20 um > £
B Interpenetration of neighbouring ITZ " 02
. 0'%. 0.2 04 0.6 0.8
[Garboczi and Bentz 1997] Degree of hydration [-]
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« Scenario with space-filling = more creep at early age
Ageing character almost vanishes after 15 days
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« Cement paste creeps more than mortar
» Scenario with space-filling = more creep at early age
« Ageing character almost vanishes after 15 days 15| PAGE 12



DE LA RECHERCHE A L'INDUSTRIE

CZaden EsTIMATION OF CONCRETE BEHAVIOUR

B Two numerical samples studied:

(a) Spherical inclusions:

Number: 556

1.81 million theaedral Finite Elements

Box = 1003 mm?

3.0

PSD [%]
= =
[} ¥

2.5

0.5 -

0.0 -

6 8§ 10 12 14 16 18 20
Diametre [mm]

(b) Voronoi inclusions:

Number: 1124

2.23 million theaedral Finite Elements 215

Box =120 mm3

65 8 10 12 14 16 18 20
Diametre [mm]
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Experimental: Dots
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With space-filling: Non-ageing C-S-H behaviour:

Ageing C-S-H behaviour NO space-filling

* Adequate estimations of basic creep
* Further investigations needed to compare behavious with and without space-filling
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OCA ORMATIQU
DACE on-ageing benavio
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Similar behavious between both aggregates shapes
« Larger dispersion of strains with time

< Distribution of the
uniaxial strain for the
matrix: comparison
between microstructures
with spherical and
Voronoi inclusions

€Strains (in the direction
of the loading) within
aggregates and mortar
matrix
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CZaden CONCLUSIONS AND PERPECTIVES

B Development of tool to estimate the evolution of ageing properties of
concrete, especially the viscoelastic properties.

B Reasonable agreement between experimental and estimated viscoelastic
properties at early-age

B Towards a better understanding of the mechanisms affect the mechanical
behaviour at early-age

Perspectives:

B Multiscale experimental campaign: viscoelastic behaviour measures at
cement past, mortar and concrete scales)

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

B Formal treatment to define the coupled size and the boundary conditions

effects in (ageing) linear viscoelasticity
B Robust thermodynamic derivation of thermal properties and a study about
the dependency of the temperature
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