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Concre’re at ecirly oge

B Properties evolving at early age (ageing)
B Phenomena taking place at different space and fime scales:
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C-S-H Cement paste Mortar Concrete Reinforced concCr
structure
m Tz
B Solidification B Environmental
B Creep B Mismatch of properties of matrix and conditions
inclusions .
L B External restraint
B Shrinkage B Heterogenous distribution of stres:

B Infernal restraint
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Different strategies
B bofttom-up and top-down o
B phenomenological and mechanistic approaches

Influence of the
A thermal boundary
conditons

Accounting for the
ITZ and mortar Mesocale Influence of the

additional porosity restraint conditions ’ g
: , g Analysis by means of a :

Estimation of k s ; ———
T T \ phenomenological
approach

products volume

|dentification of the
zones damaging and
cracking

N
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Mehois’ric
determination of the
kinetics of hydration
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Thermo-chemo-mechanical
analysis

A phenomenological approach at the structure
level
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Co ’rhermol problem

B Heaof balance

T(x,0) =T, VX € 2,
T(x,t) = DV?T(x,t) +Q { (x,0) ° :

AVT(x,t) 'n-k[T(xt)—T,] =q;(t) Vx € 0%,

B Non-homogeneous PDE

. with non-homogeneous BC Solar radiation -\
4,1 —iff_?,\\ >

B Hydration o = At)-exp[-Ea/T]

Reradiation

B Boundary conditions R = 2l
qs_qc_qr_(:b:O ,
\/ Convection
. e hr(T o0Q.1) - 7;: )
l Heat conducted into concrete ! =
Re-radiation by concrete - .
Conduction
Heat loss by convection B e
.. Isoth 1 Adiabati
Radiation absorbed oo oy
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Ancly’ncol soluhons
Why?

B FElucidates the role of the BC in the chemo-thermal problem
B Validates and allows some extrapolations from the numerical results

l D l E, E
= exp | — —— =
= A TP RT :

Degree of hydration [-]
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Ancly’nccl soluhons

B After some hypothesis and simplifications...

B 1D solution in a semi-infinite domain non-hnomogeneous PDE with non-
homogeneous BC:

>

T(x,t) = Ty(x,t) + To(x,t) + T3(&, x, t) -
" _ . ¢ x k I ¢ 2 kt+x
1(x,t) —erc[\/m + exp [5( t+x) ercﬁ

Temperature of concrete Rerodioi’ror) and
at placement Convection
equivalent
7 X 2 k t+ x exchange coeff.
T,(x,t) = — —) erfc —exp |[=(kt+ x)|erfc|———
Ambient temperature Variable flux on

boundaries (solar flux)
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70
Solor flux
60 -=--t=0.75 day
« Convection and reradiaiton 5 e
. ) Eso. A ———— e -=-- t=125 day
T, is kept constant. |/ ~-- t=10days
Edq0 7~ . — t=0.14d
- Evolution of the temperatures at = fulllines: no solar flux; i_O;S .
different distances from the 5 dashed lines: constant solar flux L l’day J
surface 2> e T R e st — t=125day
20 "f'/f/’—f—’_ —— t =10 days
0.0 02 04 06 0.8 1.0 12 14
Distance[m]
- Gradient of temperature | - Profiles of temperatures at different times |
120 ;
|oo:. 70|
g % 60
e | o |
fw £
g | E |
e 9 § 40
<5 g
& 2| |
1 304
0! [
: 20
0 1 2 3 4
Distance[m] Time[Days]
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Goal: Determine concreting temperatures

Asymmetric thermal loading

induced by solar flux

Test different T scenarios

* Precooling?

Solar flux

- Cachan, 17 Mqrch 2015

mmmnm :

~ 200k FE in ’roToI
~ 100k FE for the wall

—— Swf. Exp. North (H=0.37 m, D =0.04m)
—— Surf. Exp. South (H=0.435 m, D = 0.03m)
—— Surf. Exp. North (H=1.76 m, D = 0.045m)

(=

%%
[=]

Temperature [°C]

HE I

[
[=)

Ly 1 :. _,v.- -&”jﬁw

1000
——Model

£800 S « Experimental
20 4] 5
(=]
;3400 l g ﬂ: ]' H ‘.
'g -l e .‘ ] x| ; Ei i 3
- N R R -
£200 - " 3
=)
@

0 14

15/9 20/9 25/9

Time [day]

30/9
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Amblen’r ’rempero’rure

. <0 A SET1 H
B Maximum T to prevent DEF o | wrs ||
problems T,4,,=70°C o 60 | 4
B  Maximum temperature reached £ o N
- . £ 40 -
within the structure varies almost F ol MJf,-k\.,_uu.u.u.v.\m,.v.v.“.v.v..\,.“.v.\
linearly with Ta = )
10 MP/\
0 T T T T T T T T T T
35 0 4 8 12 16 20 24 28 32 36 40
30 Time [Days]
p— 25 20 SET1
g 80 [\ SET2 |
bad 20 70 SET3 —
: —
o =2 50 +
£ 10 E;_ o ,\\
= 5 g 30
0 =
0 2 4 6 8 10 12 14 16 18 20 22 24 iz J \
Hour o
Set of temperatures M eeDany o ®®
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S [t m.l-m-m 5

To [°C]

Concre’nng ’rempercu’rures :

10

T(x,t) = Ty(x,t) + To(x,t) + T3(&, x, t) Tuas [°C] *

Mwo=T0)  BEo=(-2) ) .

10
‘ T. [°)C] *

Tmax = TO +C2 Ta +C3

Fitting parameters

[-] 1.28
[-] 0.359 Tan [°C]*
[°C] 341 | =2 AT,,; = 46.62 °C »

R?=0.81
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Iv\echc:nlcol model

€in ~ €au + €th + Ecr

Ec(1 1
. _ac| - _ =~
B Rheological model (£ 0473 oyt R {T To}
bc bc_o 2.081-1.608&
- . kp (s‘) G ol
Thepe + < llac - 1) 'y = 5 / ch(f)
kb (8) kpc($) be i ()
bc
350
70 : - ——-Exp. 7 days Model 7 days
60 ¢ Experimental | 300 ||~ - Exp. 14 days Model 14 days <
50 =\ odel B T 250 --=-Exp. 2 days Model 2 days
40 E 200
‘E 30 E
220 =
-E 10 - § 100
7 E 4
0 =] v
2a 50 7 T T
) 1 ]
o 7 / /
-20 1 100
Time [days] Tlme [days]
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Crockmg INndex Domoge model

B Probability of cracking as a function of | m Isotropic damage variable D
the CI: c = (1 . D)&

03 (t)

fe(©)

1 —4.29
P(CI) = 100 x [1 — exp [— (5 /0.92) ]

)+ B Equivalent strain

&= \/<8e -I'@bc>+: (ge +@bc>+

B Coupling between damage and creep

CI = maxqg (

35 - —1=0.1;p=0.0
=0.1;p=02
e —=0.1;p=04
. . . 3.0 1 : .','. - = =04;f=0.
The CI obtained from the simulation must PR C e
be inferior to 54% so that P(CI) < 5% A osos
= 20 . 3 N L r:o.S;B:O.z
. . A > 1=0.8-B=0.
Ofther criteria existing = B. Craeye (70%); : NG e
Fairbairn (100%) 2 2
1.0
0.5
O.D T T T 1 ——
0.00E+00 5.00E-04 1.00E-03 1.50E-03
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Thermol condmons Crockmg index
Aug (oscillating) Aug (constant) Nov (oscillating)

s First (maximum)
eigenstress
according to

¢ fthe 3 thermal

- boundary

e cONnditions

E t=15.08 days

'l

1.0 1.0
—=—T1: with solar flux
/\ ===="T1 : no solar flux 0.8 SIOb
5 0.8 -
20 ‘ —T2
g” / \ _ os I 0k
ELU - = sy oy ol s =
& o 04 4 o 04
5 | —=—T1: with solar flux
—T2—T1—T3 ===T1 : no solar flux
0 02 0.2 o
0 2 4 6 8 10 12 14 16 18 20 22 24
Hour e T3
00 T T tad T T T 00 :l‘ T T
0 10 20 30 40 14 24 34
Time [days] Time [days]
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Couplmg be’rween creep and damage

August temperatures; t = 15.08 days

I ';Té.l i dest
4.2e+006

1st principal stresses

0
-
1 -le+D0D&2

0.8
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Thermcnl COﬂdITIOﬂS Domoge omd Crock openmg

Aug (oscillating)

Damage -

=N
\

Crack opening

F
o

EPXX

0.000212
l 0.0002

§-000013
0.0001 i

o [Mattalah et al. 2009]
Nov (oscillating)

Damage -

A

EPXX
0.000229 I s

£0.0002

........

' 000013
0.0001

Crack opening

v
=
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Conclusions

« Phenomenological approaches:
* |t works!
 Ad hoc character: difficult fo extrapolate to other scenarios of
interest
« “"enigmatic" parameter 3
« Small variations of p can lead to different damage patterns

« Mechanistic approaches to understand the underlying phenomena
« Justify and improve phenomenological

Modelling the mechanical behavior at early-age | T. HONORIO et al. 17
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Multiscale estimation of ageing
properties
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Concre’re at ecirly oge

B Properties evolving at early age (ageing)
B Phenomena taking place at different space and fime scales:

?
o
&
C
O
B
5
O
C-S-H Cement paste Mortar Concrete Reinforced concrt
structure
m Tz
B Solidification B Environmental
B Creep B Mismatch of properties of matrix and conditions
inclusions

B Ext | restraint
B Shrinkage B Heterogenous distribution of stres: Kemarrestrain

B Infernal restraint
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Goals

B Determine the kinetics in from 08
the main driving mechanisms

B Estimate the evolution of
volume fraction =

l

o
o

Volume Fraction [-]
e
FS

Approach

B 2 mechanisms gouverning
hydration : .

o Boundary nucleation and space-
filling growth (BNG) o0 i e P
o Diffusion controlled growth (DCG) -

Air C4AHI13

—
(=]

1000

Free water AFm

C-5-H porosity AFt C3A

C-S-HLD CH C28

[Honorio et al. 2014c;
Honorio et al. Submitted]

C-S-HHD Calcium sulfate

AR
ii

C38

Hydrogarnet C4AF Inert

Modelling the mechanical behavior at early-age | T. HONORIO et al. 20
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Microstructure representation

. Paste Mortar

Capillary

Capillary
pores pores
CH, gypsum CH, gypsum
or ailfminates or aluminates

:sc -S-H pores
C-S-HLD

C-S-H pores

C-S-HLD /Z -

ik sma  [Storaetal., 2006 ]
,.-O 1'0
T°~3 - _08) ITZ
- - o
£06 & . £06 \
g 2 B Reparfifion of E ™
04 |
£ £ products o |
> 02 - = 0.2 -
980 02 04 06 08 10 B0 02 04 06 08 10 [HOHOI’IO et al. 201 4d] 080 o2 o4 o6 o8 o
Degree of hydration [—] Degree of hydration [—]

Degree of hydration [—]
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Solutions In elasticity

0.5,

25 — Emortar

Esze

[Honorio et al. 2014d]

— Emz 03|

£ 5
£ -
M 0.2 ~— VMortar
1 — VPpaste
0.1
— ] 2
0 02 04 06 08 10 0o 02 o4 06 08 10
Degree of hydration [—] Degree of hydration [~]
Mori-Tanaka Z || Generalized Self-Consistent 0
o =,
= v
C-S-H HD Pores _ o
capillaires @) >
P-Ore-s S CH, gypse ou 8 8
capillaires ) ,. $ .A/ orirates 2 5
CH,g}.rpsc ou T | 0 ;_
aluminates \‘:‘. f?\ Pores des C-S-H \_, O
Pores des C-5-H -h—\ o) —_
C-S-HLD ~ N
Clinker —_
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A | fl ”r
--- Diluted t/r =0
~~- Diluted t/r = 0.5
m Opérateur Intégral w B
de Volterra : £ 08 - Diluedyr =15
< N i Diluted t/r =2
(feg)(tT) = EOG TS| - MTUr=0
t = e N e MTYr=15
j f(t) t,) dt’g(tllT) 504 TRRCS | Mlfr=2
t'=—o0 % E NS St sRotasecion — GSGC, t/r=0
02 Bl e i — GSGC; r=05
[Volterra 1887; Maghous et al. 2003; i — GSGCy t/r=1.1
Sanahuja, 2013 ] “00 05 10 15 20 25 39 — OSGCtr=15
t/t — GSGCy t/t=2

B C-S-H: viscoelastic behavior
o Infrinsically ageing?
B Solidification - ageing behavior

Mori-Tanaka Generalized Self-Consistent
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Numencol homogenezohon
Goals: B Investigate the influence of the aggregates

B Geftlocal information
B Study more complex microstructures

Elasticite 800 1 .

- ¢ Inclusions | r—

L O

6.00 o Overall ~

' o

- Q)

Y 400 —

© O
200 l l 0 A:gemg Ilrle.clr
1.1 = || viscoelasticity

0.00 L -

000 020 040 060 080 1.00 :%

Degree of hydration —

[Bary et al. 2014] : _ —
Dispersion on stresses within the
B Matrix : cube (120x120x120 )mm3 inclusions
B Number of inclusions : 872
o Equivalent diameters : 8-18 mm

Modelling the mechanical behavior at early-age | T. HONORIO et al. 24
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Conclusms

B Different strategies to investigate the behavior at early-age

B Mechanistic approach:
B Some phenomena still need to be better understood (hot pointl)

B Some tools still to be developed

Perspectives

B Contribution to the study of the ageing viscoelastic behavior
Influence of the ageing mechanisms at the paste level
Influence of the aggregates (shape, PSD, vol. fraction)
Mismatch of matrix-inclusions properties

Thermal effects

Modelling the mechanical behavior at early-age | T. HONORIO et al. 25
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