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>1-A BASIC ISSUE FOR CONCRETE STRUCTURES ...

ek d kK
- :
[Drying-wetting cycles]—»[restrained def.]—> cracking
coupled T
physical and< : : —
chemical Freezing-thawing ||+ Chloride ingress |+ ASR +
processes cycles + salts » Carbonation » Sulfate attack
N
S . - : 90°/°
' f + fluid-matrix interactions > ions
............................................................ /
g l 1
| * Swelling Reinforcement ' Swelling + |
degradations< |*Scaling | corrosion cracking '
WMo = + concrete
- LT degradations
dar FS W BY _
.......................................... = .»| Durability ? &>

~“fundamental aspect ™..........geeee _ h |
. Of sustainabilty...- “‘% R |

/¥ T V. Baroghel-Bouny et al. (IFSTTAR)



-
coupled
physical and <
chemical
processes

------------------------------------------------------------

 Microstructure @transport properties

+ fluid-matrix interactions

------------------------------------------------------------

LR LN |
.............
[ 3 e
. .
. L
23 L3N

cracking

{,D’fying-wetting cyclés, —»[restrained def.]—»

&4

+

cycles + salts

‘O

Freezing-thawing. |[* Chloride ingress |(+ ASR N
~.]| * Carbonation ¢ Sulfate attack

\

l ,,

~
| » Swelling Reinforcement Swelling + |
degradations< * Scaling corrosion cracking '
+ concrete
~ degradations
> 7
Durability ?}
N . ................................. > COSt ?

)
A %}/J )

<Y V. Baroghel-Bouny et al. (IFSTTAR) 4 May 29 - June 1, 2012, Aix-en-Provence, France




" 1 - PURPOSES OF NUMERICAL MODELLING IN THE FIELD OF DURABILITY

AN K e

¥ Better understanding, description and implementation of phenomena
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¥ Accurate prediction of ingress of aggressive species and of SL

>  SL prediction at the design stage, prediction of future evolution of existing
structures, selection of appropriate security margins (probabilistic framework)
» (very) long-term durability assessment (special structures)
®» help diagnosis and optimise monitoring of RC structures

¥ Concrete mix-design or concrete cover design for a predefined SL

> multi-criteria optimisation of the composition of the material, probabilistic-based
selection of optimum concrete cover

NS = improve the link between mix-design & structural lifetime ~"life-cycle™,

®» enhance the use of "green" concretes + ensure durability ~..analysis .

L]
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¥ Assessment of input data of models

"> transport properties & CI- binding isotherms by num. inverse analysis
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1 - NUMERICAL PREDICTIVE MODELS

e HH kK
e Main features (protection against carbonation- or Cl-induced corrosion) e

¥ Assumption: restriction to the initiation period
(limit state (L.S.) = reinforcement depgssivation)

& conservative, material approach, ..

Initiation
CO, or Cl- ingress

()
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: End of life: the aggressive ' e
: species penetration front @ Fib Bl 2006
reaches the 13t layer of rebars :
oooooooooooooooooooooooooooooooooooooooooooooooo * @ CPZ ",”‘X _ E
“> uncracked concrete ¢ 7K
concrete cover (E)I lx = Cl or CO, penetration depth

(R A

L _.-_-.'_"i' ':'.-r;-\'.l':r:-lj"-

reinforcement

* Other approaches: integration of part of propagation period (corrosion, cracking)
[Andrade, 2008], [Alexander, Microdurability, 2012], [Michel et al. Microdurability, 2012]
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1 - NUMERICAL PREDICTIVE MODELS A=

H kKKK |
e Main features (protection against carbonation- or Cl-induced corrosion) ===
................................................................................................................................................................................................................... ERLPC, 3006]

e physically and chemically based

e deterministic or probabilistic framework
o

o

durability indicators (transport prop., ...) = main input data
monitoring parameters (kinetics & conc. profiles) = output data

®» set of numerical models (macroscale, isoth. cond., uncracked concrete) with
different levels of sophistication for each process

=> put the high d° of complexity may need in some case§ to include
analytigal descriptions or coupling with analytical todls

-.Bllcode(C++) ................................................................................. :
i o 1-D Finite volume method (spatial discretization) :

e Euler implicit scheme (time discretization)
: @ standard Newton algorithm

€.9. - Clingress
- Carbonatio

advanced physical-

SEMIEE e ®» Multi-level platform
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1-MULTI-LEVEL NUM. MODELLING PLATFORM FOR DURABILITY ASSESSMENT

KK

® Protection against carbo.- or Cl-induced corrosion ®
(uncracked material & macro-scale - Isoth. cond. - 1-D physical-chemical models)

CNS e/ Structural

—» S Mix-design ' oo
\g/ Hydration models characteristics

» chemical compo.

* binder type

* W/binder L

Multi-species -
P . Moisture transport Carbonation Sustalnable
transport models in evelopmen
models models
saturated cond. ) (carbon cycle)
(2 levels) " (3levels)

(3 levels)

~ Coupled moisture- % g
ion/gas transport

R odels =) Durability &
Service Life

» concentrations
N(RC structures

..........
* 0‘

’ ’lil)"l ) Millau Bridge (France) AR T e
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2 - MULTI-LEVEL CONCEPT APPLIED TO MODELLING OF CIr TRANSPORT IN CONCRETE

HARH K [Baroghel-Bouny et al., CCC, 2009]
e Multi-level platform (1-D physical numerical model) @

» na,
1]
-
-

® /4 levels of sophistication..
....................................... [Andrade, CCR, 1993]

e |Level 1 - Chloride diffusion model (sat. cond.) [Masi et al., CCR, 1997]
= CI- diffusion (in diluted solution) = Fick’s 1st law Trus ot L. RILEN: 2000
= (global) CI- binding = Freundlich's non-linear isother -

n emplrlca”aWDC},—f(CC') ............................................... MU/T/LS I\
o.~[evel 2 - Multi-species transport model (sat. cond:), " <Cles -
= 4 jons + electrical interactions between ions = Nernst:Planck/Poissor, eq. °ch

‘e
.
e
T

«r-equil. Cl- binding = various options === analyticatformula s., =s,(cc.)

e |evel 3 - Advanced physical-chemical model (sat. cond.)

" 6to 8ions + 3to 8 solid compounds

» Cl- binding =» physical adsorption onto C-S-H + Friedel’s salt formation by
(instant.) chemical reactions (dissol./precip.)

= microstructural (and transport property) changes (induced by Friedel's salt
precipitation, Ca(OH), dissolution, ...)

Increasing level of sophistication

e |[evel 4 - Coupled moisture-ion transport model
> contribution of advection to the overall ionic transport

> multi-species transport model (level 2) extended to non-sat. cond.
s V. Baroghel-Bouny et al. (IFSTTAR) 10 May 29 - June 1, 2012, Aix-en-Provence, France
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2 - MULTI-LEVEL CONCEPT APPLIED TO MODELLING OF CI- TRANSPORT IN CONCRETE
FHAHK
e Multi-level platform (1-D physical numerical model) o
® 4 [evels of sophistication.::
: IR e S Andrade, COR, 1093
: ® Level 1 - Chloride diffusion model (sat. cond.) [Masi et al., CCR, 1997]
: = Cl-diffusion (in diluted solution) = Fick’s 15t law Trus ot L. RILEN: 2000
i = (global) CI- binding = Freundlich's non-linear isother 3
o: .. —
g lemplrlcaIIaWDCP_f(Cm) ................................................ Mu/ms »
B! e.~Tevel 2 - Multi-species transport model (sat. cofid), " Cles s
Si % =4ions + electrical interactions between ions = NernstPlanck/Poissor €. °dch
Z¥
I}
5!
>
(@)

: Global description (Freundiich's formula) A .. lon exchange theory description
=+ : _ Vo at equilibrium : o'cC |
A Sai _HCCI7.‘ Sci :S. =0sN +N i =
D 0 Fesseeseses Y S e 13 (C3A)eq.} C—S—H s I
G C e e ConkB Gy
=i | Cer. i chemical” .-

P e phySICa|

Freundlich's parameters fixed parameters .

: H effect

V S, - total amount of bound CI- (mol / m3 of mat.) P
@ ----- C,.: CI- conc. of the pore sol. (mol / m3 of sol.) [Baroghel-Bouny et al., CCR, 2012]
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2.1 - MULTI-SPECIES TRANSPORT MODEL (SAT. COND.)

A e e Le [Mguyen et al., C&C, 2006]

: Ve
e Transport and mass balance equations e /2
¥ lons: Cl-, Na*, K*, OH- ?9!?.?9(‘..%.?9.‘!?‘1‘.9!] ...........
dlv(grad‘P)+4—( cz,)=0 :
¥ Transport of each ion = Nernst-Planck equation / dleleic'\trlcconstant
...................................................................................... ..[-Samson et a|l, 1999 —)2003]
Flux - ] — : A A S
(mol.m2.s1) E"J Y;) + cgrad\¥. :
(I - C|', Na*, K+, OH) ................................................................................ o

effective ionic
diffusion coef. of the )(m
saturated mat.

(constant)

2571 @al activi@(-) local elec. potential >(V)

(ion-ion interactions)

c;: (free) conc. inion i of the pore solution (mol / m? of sol.)
z;: valence number of ion i (-)

[Truc et al., RILEM, 2000]
. absolute temperature (K) [Marchand et al. M&S, 2002]

. ideal gas constant (8.3143 J.mol'.K™") [Nguyen etal., C&C, 2006]
F : Faraday constant (9.64846: 10* C.mol")

_|
—~
]
—

Pu)

1 V. Baroghel-Bouny et al. (IFSTTAR) 12 May 29 - June 1, 2012, Aix-en-Provence, France



2.1 - MULTI-SPECIES TRANSPORT MODEL (SAT. COND.)

A e e Le [Mguyen et al., C&C, 2006]

: Ve
e Transport and mass balance equations e /2
¥ lons: Cl-, Na*, K*, OH- ?9!?.?9(‘..%.?9.‘!?‘1‘.9!] ...........
dlv(grad‘P)+4—( cz)=0

¥ Transport of each ion = Nernst-Planck equation / dleleic'\trlcconstant
:‘..................................................................................-.. ..[-Samson et a|l, 1999 —)2003]

Flux N ,J _ , e |

(mol.m2.s1) N X7

(I - Cl, Na*, K+, OH) ................................................................................ o

effective ionic
diffusion coef. of the
saturated mat.

(m2.s) @al activi@(-) local elec. potential (V)

(ion-ion interactions)
¥ Mass balance equation for each element (i=Cl, Na, K, O, H)

(constant)

‘.:p‘..s‘s::. ................... OI / m3“‘0.f' mat )
“Fidivd =0 i SC;L)‘ total amount of bound CI- (mol / m3 of mat.)
........................... B (free) CI- conc. of the pore sol. (mol / m? of sol.)
[e.g. Freundlich's formula: S_, = C4,.
(-) m and[s=0 for [zCI_
(constant) Sci
N = CI-binding isotherm TK af equilibrium
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2.1 - MULTI-SPECIES TRANSPORT MODEL (SAT. COND.)
HHA K

e e Input data required for the model e

Leve/ 2

“assumed independent
~ ofage and depth

. (non-reactive porous solid)

o
Effective CI-diff. coefficient (m2 formula or

num. inverse
Sc) =S¢(Cq.) | CI binding isotherm (anequilibrium) analysis

D O _, (i Ch

'~ 0. 0 :DO DO F
- Cyas» Crs - MIX-compo. + cement chem. compo. + initial alkali blndlng RS S 1999
[Taylor, ACR, 1987] ++ sat. sol. compo. I [Samson, 1999]
] C =C + C 2 N R
O Nat K eeerereeeseseeesseeemaseremesereasereesesesesenessseemsseeeen s ageeresaseresasesesesesessesseseenans atmﬂmte d||ut|on
[Mounanga et al., CCR, 2004] t: tortuosity (-)
g;' (Nguyen, PhD thesis, 2009 F: formation factor (-)
/¥ " V. Baroghel-Bouny et al. (IFSTTAR) 14 May 29 - June 1, 2012, Aix-en-Provence, France



2 - MULTI-LEVEL CONCEPT APPLIED TO MODELLING OF CIr TRANSPORT IN CONCRETE

Increasing level of sophistication

HHHH K [Baroghel-Bouny et al., CCC, 2009]
e Multi-level platform (1-D physical numerical model) o
® =4 levels of sophistication.:

Level 1 - Chloride diffusion model (sat. cond.)

= Cl- diffusion (in diluted solution) => Fick’s 1st [aw Eauil} thermodynamic modallin
= (global) CI- binding => Freundlich's non-linear isotherm [J%%énnessonéaL, M&S, zooﬂ

u iri = [Hosokawa & Yamada, C&S, 2009]
empirical law D¢, = f(cc,) [Lothenbach et al., CCR, 2010]

Level 2 - Multi-species transport model (sat. cond.)

R
.
-

= 4 jons + electrical interactions between ions = Nerngf-Planck/Poigson eq.

I CF binding > various.options -
Level 3 - Advanced physical-chemical model (sat. conéﬁ@mlg‘}}’;’gpoph

.....
..........

= 6to 8ions + 3 to 8 solid compounds COUp//,,g
= CI- binding = physical adsorption onto C-S-H + FriedeF's salt formation vy

L
L 4
b

Level 4 - Coupled moisture-ion transport model
> contribution of advection to the overall ionic transport
> multi-species transport model (level 2) extended to non-sat. cond.

s V. Baroghel-Bouny et al. (IFSTTAR) 15 May 29 - June 1, 2012, Aix-en-Provence, France



2 - MULTI-LEVEL CONCEPT APPLIED TO MODELLING OF CIr TRANSPORT IN CONCRETE

Increasing level of sophistication

SIS

R Ak K [Baroghel-Bouny et al., CCC, 2009]
e Multi-level platform (1-D physical numerical model) o
® -7 jevels of sophistication.:
0 ~I0T 4 OH- " o4 associated with
CulOMp =it 71 dissol./precip.
} 3Ca0.Al;O5 + 6H20 — 3Ca +J_;OH + 2A1(OH), 7 i ., reactions .
3Ca0.CaCly. Al O3.10H;0 = 4Ca”t + 40H~ + 2A1(OH); + 2C1— 29,1 ',.‘

Level 2 - Multi-species transport model (sat. cond.)

» 4 ions + electrical interactions between ions = Nernst-PIanck/Pois:,s"on eqg.
= equil. CI- binding = various options ]

Level 3 - Advanced physical-chemical model (sat. cond. MiStpyPOrt.

* 6to 8ions + 3to 8 solid compounds v COUP//'n

--------------

---------------------------

---------
L)

.

= CI- binding = physical adsorption onto C-S-H +:Efjedel’s salt formatiQii-Dy

(instant.) chemical reactions (dissol./precip.)

= microstructural (and transport property) changes (induced by Friedel's salt
precipitation, Ca(OH), dissolution, ...)

Level 4 - Coupled moisture-ion transport model

> contribution of advection to the overall ionic transport

> multi-species transport model (level 2) extended to non-sat. cond.
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2.2 - ADVANCED PHYSICAL-CHEMICAL MODEL (SAT. COND.)
FHHHK

e Transport and mass balance equations e

pu Ny, L mEEEENN
* (] ny
o '0 ** e,

Lel/e/ 3

-

Cl, Na*, K*, OH, a2t #AI(OH) 5 ...

¥ lons:
% Solid compounds: Ca(OH),, equiv. aluminates, Friedel's salt

¥ Transport of each ion = Nernst-Planck equation

-----------------------------------------------------------------------------------------

-------------

effective ionic
diffusion coef. of the
saturated mat.

T —————— . o
: d ): . v | —0° [Nguyen et al., RILEM, 2006] Qhs
ot (I) i T SI]+ div JI 0 [Nguyen et al., ICOG'07, 2007] poﬁf‘che

--------------------------------------------

Micyostructural evolution H Transport propexy changes

Porosity|—(v> = ¢, + Y VAs, Effective diffusion coef. | D, = DO - (‘1’0 J 18) derived from
| do [Bentz et al., CCA, 1998]

s amount of solid compound i (mol / m* of mat.)

v molar vol. of solid compound i (m3/ mol)

,{:_, ....... VBarogheIBounyetaI (IFSTTAR) .............................................................. 17 ........................... v ay29June1 ..... 5 O12A|xenProvenceFrance ..............




2.2 - ADVANCED PHYSICAL-CHEMICAL MODEL (SAT. COND.)

A K Leye,
e Example of simulations (nss diffusion test in lab) e

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
.

sealant |

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Concrete BO
(W/C=0.49)
1"a —
=12 E 5
R dissolution front | — 5
£ _ l Td0 g 3
% 1200 ~..._ Friedel’s salt (C3A)gq = s
g ] . 3 o
= %97 dissolution front 16 i =
g600 | —
7 6007 : 5 =
S K porosity,df g £
300 | Lo . l2 8 o
' {1 =2
0 4 | 4 I ! I ! * ., I ! 0 ] ) )
0000 0008 0006 0009 DA 0'015[Nguyen, Ph.D thesis, 2007] Depth (m)

-------------------------------

kS
--------------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------
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2 - MULTI-LEVEL CONCEPT APPLIED TO MODELLING OF CIr TRANSPORT IN CONCRETE

Increasing level of sophistication

HHHH K [Baroghel-Bouny et al., CCC, 2009]
e Multi-level platform (1-D physical numerical model) o
® =4 levels of sophistication.:

Level 1 - Chloride diffusion model (sat. cond.)

= Cl- diffusion (in diluted solution) = Fick’s 1st law

= (global) CI- binding = Freundlich's non-linear isotherm [Nilsson et al., 1996]

= empirical law DCI- = f(CCI-) [Johannesson, CCR, 2003]
[Samson, 2005]

Level 2 - Multi-species transport model (sat. cond.) .

= 4 ions + electrical interactions between ions = Nernst-Planck/Poisson eq.

= equil. CI- binding = various options 7

*

*

*
“

"‘
.

---------------------

e *
an® .
{ e *
[ 3 .
.® .
.* o*
** *

-----------------
.

a .
e Py
--------------

. Y

-
Y .®
vy [ 3
......




2.3 - COUPLED MOISTURE-ION TRANSPORT MODEL

0N AN For (concentrated) non-ideal sol.
. g e
e Description @ "¢/ 4

--------------------------------------------

[Lin & Lee, FPE, 2003]

i pe =
Baroghel-Bouny et al., CCR, 1999] : M
Thlel'y et al, REGC’ 2007] deg ree. Of ---------------------------
saturation

h: relative humidity (-)

-"‘Lonic transport = Nernstl‘ialanck/Poisson eg. (incl. y effects) 7

e . = :
wo-\g;g&«. =liquid phase & gas movement = extended Darcy’s law :
4 = water vapour & dry air relativé.diffusion = Fick’s 1st law :

--------------------------------------------------------------------------------------------------------

= transport properties variations vs.:S

: T - . integral or analvytical laws
'{SQUIL Cl- binding = various options e.g. pgrmeabilities ->>[/|\/|ua|em, 1976]

: . A S B SR~ A characteristic (delay) time
-=> multi-species & multi-phase! [Francy, Ph.D thesis, 1998]

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
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2.3 - COUPLED MOISTURE-ION TRANSPORT MODEL

AN A e ‘Baroghel-Bouny et al., CCR, 2011]
. L
e Transport and mass balance equations ® "¢/ 4

¥ lons: CI‘, OH-, Na*, K* account.forchemical
E— activity effects

*
*
*
*
*
*
*
*
*
“
*

----------------------------------------------------------------------------------------

S S NSt te ,“..A" 2 F
J. = . k 4C. - A+ T o :
(moll.:#)z( s1) X ,gﬂ_(_S_L){,gradc, For-gradimt gr grad\PL

---------------------------------------------------------------------------------------

effective ionic
diffusion coef. of the _ . )
saturated mat. atS =1 (i=Cl)

D, (D 1

(constant) do. =D (S)De(S;=1) =S} | and |=r=rgE(=1-0)=—=
",Di‘,.: ".DCJ—." F

10 [Buchwald, 2000] \‘[ [Samson, 1999]
] Sandstone—— /| N\ | i,
o) fiting =/ <. infinte dilution”
35;0’6'_ ’ Bric A / T tortuosity"{-.)
S o ter OZ F . formation factor (-)
[FrancyPhD-theS'51998 R : .':.:. enesaet ..MMortars; (impedance spectroscopy)
*1/ Calibration => |A =6 Deog:ree J%Asatu;;tion(gl () :
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2.3 - COUPLED MOISTURE-ION TRANSPORT MODEL

AN A e [Baroghel-Bouny et al., CCR, 2011]

. L
e Transport and mass balance equations ® "¢/ 4

¥ Qverall transport equation

------
. .
.

‘e

L L]
) LN

(oo =wori)=» extended Nernst-Planck eq. (a=i)

Total flux =
(mol.m=2.s1)

.
e ner B B

W,C:i+d i (a=vora)

Advection Diffusion
C.: conc. in phase o (mol.m3) with > v,C, =1 when a = w or i, where v_ is the molar vol. of phase a. in sol. (m®.mol")

¥ Mass balance equations (for moisture w+v, dry air a, and species j in ion or in solid compounc

9 dSiC,, + o(1- S,)p—"j = —div(w,, +w,) Cporosity > (constant)

ot M,
s, - total amount of bound CI- (mol / m? of mat.) and 5;=0 for j=Cl

0

3 a S¢ at equilibrium
B = Cl-binding isotherm T/ R
ot e.g. Freundlich's formula: S_, = MC&] e

=i n; : total content (mol / m® of mat.)
V. Baroghel-Bouny et al. (IFSTTAR) 22 May 29 - June 1, 2012, Aix-en-Provence, France




2.3 - COUPLED MOISTURE-ION TRANSPORT MODEL
FHHHK

Effective CI- dif. coef. in saturatgq‘c
\ "Intrinsic" permeabilities (m27‘"‘

\ Sci =S¢(Cq.) | CIbinding isotherm (in sat. cond.) at equilibrium

formula or
num. inverse
analysis

\

Mass water content (%)
4

Pec =Pc(S) Capillary pressure curve — derived from exp. WVSIs
\\A desorptio
SP Initial degree of saturation (-) ’
|.C. 1 .
Cnars Ckeds Con’  Initial chemical compo. of the pore solution |/~ adsorption
(Ce.2=0) 0 Rzeolativ‘:eohurr?i(ijity EO%) !

+ B.C.: ionic conc. of the contact solution, S/at the boundary of the test specimen,

T° (constant), ...

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

[ el Ci.2: mix-compo. + cement chem. compo. + ipitg alkali binding [Taylor, ACR, 1987];
: (—)++ sat. sol. compo. +
. L Con- = Cnas T Cyy H\“/Iounanga etal., CCR, 2004]

,nr| TGT PRDRGEE OG-t
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2.3 - APPLICATION OF THE MODEL: UNDERSTANDING & PREDICTION OF COMPLEX PROCESSES
KK

. . . . . Ley
e Simulation of wetting by a NaCl solution (after drying) ® </ 4
Mortar M1N
(W/C=0.50)
 Experimental conditions ; Materlal properties |
1) 90-day water curing S *$=0.13=exp. y
: * D¢ = 2.1 - 10*2 m2.s ([Cly] profile after :
2) drying at RH=Z4%.......cooe, i 7-d nss diffusion test = inv. anaIySb,Leve/ 2
> |.C.:! S|0 =0.09 i I «K;=15- 102 m2(drying klnetlcs atRH = e
5.0 : :g7g mol_rr?'gz, Ca+ = 144,; 4% =» inv. analysis) \1\0‘65\)0‘“
ek seaass1 R AR ¢ i e P = P(S) from exp. WVAI
i [Bonnet, Ph.D thesis, 1997] P ;
3) 24-h expo. to 33 g.L- 1 NaCl + 1 g.L" NaOH * S¢) = S¢i(Cc)) = expadata + Fi’eundlich's
+4.65 g.L-" KOH by 1 face *.,. description + delay effect (t: ~6h) .
| 33 | |_1 - ~; selant | 7
g.L ) e
NaCl sol. / ““““ [Francy, Ph.D thesis, 1998]
1 high-rate advective transport
--------- = in the short term
T=20°C
,\u [Francy, Ph.D thesis, 1998]

s V. Baroghel-Bouny et al. (IFSTTAR) o4 May 29 - June 1, 2012, Aix-en-Provence, France



2.3 - APPLICATION OF THE MODEL: UNDERSTANDING & PREDICTION OF COMPLEX PROCESSES

KK LeVe/4
e Simulation oiwettinq by a NaCl solution (after drying): impact of binding description e
\.\\/@s Mortar M1N Baypgbel-Bouny et al., CCR, 2011]
......... (W/C=0.50)
| C S|O = 009 ——
. A ——_ L et
g — - / - ANy
£ oo y delay effect (24 h) | 07}
o : =
mE 0 06 F
el . exp. (24 h) ' N oosp
Eonl | no binding (24 h) | 04
E . 0.3
S 50 ‘L 0'2-
G . 0.1
) Il LA o . W — el . . 0
0 L5 10 15 20

exposed : Depth (mm) ;i |exposed Depthy(mm
surface @@ surface pytmm)

® after 24-h exposure = wetting front has reached the specimen bgundary
= S, = 1 throughout the specimen thickness

N\ode,\s—b Importance to account for appropriate Cl- binding description (structural safety)
ay V. Baroghel-Bouny et al. (IFSTTAR) o5 May 29 - June 1, 2012, Aix-en-Provence, France




2.3 - APPLICATION OF THE MODEL: UNDERSTANDING & PREDICTION OF COMPLEX PROCESSES

¢, (mol / m3 of solution

Leve, 4 (W/C=0.50)

e HH kK
e Diffusion vs. advection e

Mortar M1N

lefu5|on + Advectlon |

[Baroghel-Bouny et al., CCR, 2011]

Lev
| Diffusion | el

--------------------------------

exposed
surface Depth (mm)
B S0=0.09

*‘ifw _

= ions maye along.with the liquid phase (advection)
— faster; CI (and Na ) ingress and higher c_comparedto S°=1

L L]
“ ..

SO=1
Con= 65, Cyoi? = 13,
. 52 mol.m-3
12 h
110 15 20
exposed Depth (mm)
surface significance of K|!

V. Baroghel-Bouny et al. (IFSTTAR)

26
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2.3 - APPLICATION OF THE MODEL: UNDERSTANDING & PREDICTION OF COMPLEX PROCESSES
kKKK )
e Simulation of wick-action test e "¢/ 4

Mortar M1N
: Experimental conditions (W/C=0.50) Mater|alpropert|es
upstream surface| | downsiream surface “_..............f.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.' ................
=0 (x=0025m) 013 e :

* D¢ = 2.1 - 102 m2.57L([Cly, ] profile after :
7-d nss diffusion test = inv. analy3|s; Sve/ 5
« K, =15 - 102 m2 (drying klnetlcs atRH = :
‘\‘\0\9"“0“" 4% =» inv. analysis) :
xeo® e p. = Pp.(S) from exp. WVAI &WVDL
' [Bonnet Ph.D thesis, 1997] ‘_ :
i+ Sg = Sg(Cep) = exp ,data + Freundllch s i

age = 90 days T=20°C . description . b
[FranCy Ph D theSiS 1998] ......................................... ........ ................

.G 600 = 0, Gy 0= 65, C 0=13, !

| G -C5|2 mol. mOg e [Francy, Ph.D thesis, 1998]

-
---------------------------------------------------------------------------------------

V. Baroghel-Bouny et al. (IFSTTAR) o7 May 29 - June 1, 2012, Aix-en-Provence, France



2.3 - APPLICATION OF THE MODEL: UNDERSTANDING & PREDICTION OF COMPLEX PROCESSES
kKKK )
e Simulation of wick-action test e "¢/ 4

evap. front (1 day)

Mortar M1N

: Experimental conditions : (W/C=0.50)

upstream surface downstream surface
(x=0) (x =0.025 m)

evap. front (12 days)

----------------------

steady-state evap.

\ w_
............................ ; c front (from 2 months)
.C.: §;=1 =
............................ E
............................................................................ E 21 year
33-g.L" DALY PN .
NaCl sol. °
D
........................ (@)}
)
(@) ““
ot downstream
age = 90 days T=20"°C 5 “,19"'= 15 20 25
[Francy, Ph.D thesis, 1998] _e+**" Depth (mm)
® RH =9% at x = 0.025 [Baroghel-Bouny et al., CCR, 2011]
-=» strong drying

-> formation of a zone with S, < 0.40 (from x = 0.025) = no liquid transport
-=> evaporation front

S B after a given time => steady-state regime (S, profile & evap. front)
/I’ V. Baroghel-Bouny et al. (IFSTTAR) 8 May 29 - June 1, 2012, Aix-en-Provence, France




2.3 - APPLICATION OF THE MODEL: UNDERSTANDING & PREDICTION OF COMPLEX PROCESSES
R KA K ,
R | e Simulation of wick-action test e "¢/ 4

.
0

.
---------------------------

Mortar M1N
Wic=050) | J~ & Isimulationst,

-------------------------

1

7 Ci o 6\ A M
Z N |35 days 7 steady-state evap. N\ |
S S c front (from 2 months) \\
2 = 2 34 days
S = © ©
01000 [==b 2 =
o PR T 2m - 1year oving front
o - evap. front|——fe===rrseunan = 0.4 :q(i) 0 s ‘
Aot I | =1 L% | T O = NV TR ERREERRERTES T
E ) |- . 0.3 ) \
= 500 PN, o o 2%
o "™ o = N
(@)
E D ()] |:0.15
~ a)
ST - o S 0 upstream downstream
0 5 10 15 20 25 T ' | ' |
upstream Depth (mm) downstream 0 S 10 15 20 25

[Baroghel-Bouny et al., CCR, 2011] Depth (mm)

® Close to the upstream surface (x = 0) =» Cl- move by diffusion + advection towards the
downstream surface (x = 0.025)

' V. Baroghel-Bouny et al. (IFSTTAR) 29 May 29 - June 1, 2012, Aix-en-Provence, France



2.3 - APPLICATION OF THE MODEL: UNDERSTANDING & PREDICTION OF COMPLEX PROCESSES

kKKK )
' . . . e
............................ e Simulation of wick-action test e "¢/ 4
Loy sl [Francy
A Mortar M1N ,(\\eﬁ ....................
..... 500, — o 2 : ;
neS < Simulations F= 7 Ao — 1 (W/C=0.50) Al RS
vo&\\e ........................ of;/e ~ C\f -\0‘
2 ' %
DN _ 5
=15 ||4 months W =
= O £ 300 | o
g — 0.6 *§ 5 an m
'O 10007 05 3 °°E et
o / B ... © £ 200k
S - evap. front [——g--1sseeeees 04: = 4 months 4
Ny SRS N ... = X
E - S A I E 35 tays ;
~ 500l M Toa2 & — 109 : evap. front ! ~/\/\f>
S _POH- \. D 2y (1 year) N
E 2 | o S . r— R
© 0 : - . 0 ‘e, 0 5 10 15 . 20 25
0 5 10 15 20 25 *o, Depth (mm) ~
upstream Depth (mm) downstream 'Upstream ~ | downstream
[Baroghe-Bouny et al., CCR. ?.Qll]

® Close to the upstream surface (x = 0) =» CI- move by dtffusmn + advectlon-towards the
downstream sur‘Face (x =0. 025.)'

® RH =9% at x=0.025 = strong drylng -> S|gn|flcant liquid flow’n? advec:tlon prominent

-----------------------------------------------------------------------------------

| v
N > CI accumulation at the evaporation front S|gn|ficance of K, !
V. Baroghel-Bouny et al. (IFSTTAR) 30 May 29 - June 1, 2012, A|x en-Provence, France




2.3 - APPLICATION OF THE MODEL: UNDERSTANDING & PREDICTION OF COMPLEX PROCESSES
KK

: : : : Le _
R ‘ e Simulation of wick-action teste —"€/4 ¢
s : [Francy
Mortar M1IN <
S 500, — (.o’( T o
? g 4 (WIC=050) A&7 [T simulations
| //e T . C\’ -\0‘
7 | | N — 7
159114 months WA S
= O £ 300 | o
'O 10007 05 3 °°E et
o (/ V... s £ 200
o = evap. front [=——f-rq=x=reree- 04: 9 — 4 months
T -~ N| I 55 © g 2
: | ' S days
~ 500 '\.C| N - § — 100 evap. front l /.\/\/->
S _POH- ) c_ D K 1 Yay (1 year) \
= 4N e 8 5 . L ‘ .
&) 0 1 1 1 0 0 20 25
0 5 10 15 0 25
upstream Depth (mm) NlQwnstream upstream downstream

[Bardghel-Bouny et al., CCR, 2011]
®»  consistence between evap. frots deduced fro

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

) S |ocation of the evap. front experim. and theor. pointed out
Ssim
<Y V. Baroghel-Bouny et al. (IFSTTAR) 31 May 29 - June 1, 2012, Aix-en-Provence, France



2.3 - APPLICATION OF THE MODEL: UNDERSTANDING & PREDICTION OF COMPLEX PROCESSES

K He N )
' . . . e
R | e Simulation of wick-action test e "¢/ 4
e = [Francy
S Mortar M1N P\ —
..... 500— o . . E
o5 < Simulations == ppo_ 41 (W/C=0.50) G e
vo&\\z ........................ ’/I of;/e ~ C\f -\0‘
2%l y z
N ;
=15 ||4 months ' 5
o o £ 300 y
5 > o0 @ IS = 1 yéar |
'O 10007 05 3 “’E < et
o —4/ Y1 b S 200
° - evap front T EECEELPED 04: 9 = 4 months
Jpray LS | 03 S £ 35
; = aays :
~ 500 _\Cl N 45 § — 100 evap. front l /\/\ﬁ
S -OH_ B =) 22| ey (1 year) \
© 0 - - - 0 0 5 10 15 20 25
0 5 10 15 20 25 Depth (mm)
upstream Depth (mm) downstream upstream downstream

[Baroghel-Bouny et al., CCR, 2011]

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

& Slmulatlon of all the complex effects associated with coupled
m0|sture -ion transport on profiles (e.g. in the vicinity of the evap. front)

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Jg,,,'; | ( 1st stage of validation)
“JI¥ V. Baroghel-Bouny et al. (IFSTTAR) 32 May 29 - June 1, 2012, Aix-en-Provence, France
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2.2 - Level 3. Advanced physical-chemical model (sat.
cond.)

2.3 - Level 4: Coupled moisture-ion transport model
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3 -MULTI-LEVEL CONCEPT APPLIED TO MODELLING OF CARBONATION OF CONCRETE
AN K e

0 | evel 1 - Analvtical physical-chemical models [Papadakis et al., ACI, 1991]

-----------------------
]
. ]
,,,,,

-,
3
‘e

>+t law = sharp carbonation front ¢\D Easy coupling with ™
H .. =, probabilistic methods..*

'y

: — “[van der Lee et al;, C&G, {g
: > comprehensive speciation models [Matschei, Lothenbach et al., CCR, 2007}
thermodynamic (equil.) modelling (+ mod. of hydrodynamic processes in sat. cond.) 5

| [Steffens, CCR, 2002], [Bary & Sellier, CCR, 2004],
;> (coupled) transport-chemistry models|Saetta et al., CCR, 2004], [Mai-Nhu et al., SSCS, 2D1

Increasing level of sophistication

: \\o thermodynamic modelling =» phase assemblages at equilibrium (0-D) )
i | X8V |- chemistry of the pore solution ([K*], [Na™], ...) H evolution E
\(\w\ - evolution of the solid phases (e.g. C-S-H decalcification) ~ PR Thiery et 4.

4 e chemical reaction kinetics (Ca(OH),) = soften up the carbonation profile 2005-201?]
v <> * microstructural changes = evolution of porosity, transport properties, ... :

T 6 . . .
pa)) QS\“\ e coupling with advanced transport model (non-sat. cond.) = S, evolution )
e "V Baroghel-Bouny et al. (IFSTTAR) o Vay 29 - June 1, 2012, Aix-en-Brovence, France




3.2 - NUMERICAL PHYSICAL-CHEMICAL MODEL

0 e K Leye/ 3 [Thiery et al., CANMET/ACI, 2006]
e Chemical aspects: speciation in the pore solution e

Chemical reactions (aqueous solution) log(Kj) r,

OH™ + H™ & H,0 14 n

Ca?* + 20H~ <:> 0 a

Ca’t + H,0 & Ca(OA)T + HT ~12.78 n

Nat 4+ H,O < NaOH® + H* ~14.18 n

Kt + H,0 & KOH® 4+ Ht ~14.46 15
+ Hy0 & HyCO; 27

HyCO3 + OH™ < HCO; + H,0 7.65 ry C(.)Zdissol./dissoci.ation
HCO3— L OH- & CO32_ + H,0 366 i in the pore solution
Ca’t + HCO; & CaHCO; 1.11 ro

Nat + HCO; < NaHCO; —-0.25 i

Nat 4+ HCO; < NaCO; + H* —9.10 i

HySiO;~ + 2HT & HySiO)) 23.14

HySiO;~ + HT & H3SiO; 13.33 3

H2Si0;~ + Ca*™ & CaH,SiO) 4.60 ra

Hs3Si0, + Ca** & CaH3SiO; 1.20 rs

> evolution of the chemical compo. of the pore solution
“>:pH value:

I 03
=3|||)ll , .*
.-J'l‘lll. lllllllllll

s V. Baroghel-Bouny et al. (IFSTTAR) 35 May 29 - June 1, 2012, Aix-en-Provence, France




3.2 - NUMERICAL PHYSICAL-CHEMICAL MODEL

HH ke He ke LeVe/ 3 [Morandeau et al., CONMOD, 2010]
® Chemjcal %gcts: chemical reactions between ionic & solid phases (dissol./precip.) - kinetic effect ®

\/& k//l ®
0 Het hemical reacti og(K;) ir:e-Cieact
Aot ,’@sg eterogeneous chemical reactions log(K;) :r;:4eaction rate
(P)

7,,«;{\\‘3 o Ca>* + 20H & CH 519 ip
g (C) Cat 4+ CO;~ & CC 845 re

¥
X
.®

v
®
.
.
.
[
°®

kAT s . ([oHPP[Ca*]
“dfe L _Re (Re—Rp Ky
h ' R. D h P
Portlandite

Calcite

Initial Ca(OH), crystdl equiv. radius ™\ - Kinetic effect

%> softens up
the front

=) =» reduction of accessibility (CaCO, layer)-
/I’ V. Baroghel-Bouny et al. (IFSTTAR) 36 May 29 - June 1, 2012, Aix-en-Provence, France




3.2 - NUMERICAL PHYSICAL-CHEMICAL MODEL

A e e K LeVe/ 3 [Morandeau et al., CONMOD, 2010]

® Chemijcal %gcts: chemical reactions between ionic & solid phases (dissol./precip.) - kinetic effect ®

|\ ==
)G‘.‘/o\(:ogzc’g Hezterogeneous chemical reactions log(K;) i.{{}«@
N\ (P) Ca" +20H™ < CH 5.19 rp
N _ iy
. (C) Ca*t + CO2~ & CC 8.45 rc
(C-S-H) | CySyH, & xCa*T + 2xOH™
5CN‘5\ —|-j/H4SfOE +(z—x—2y)H,O variable Fest

—> progressive decalcification of C-S-H (& CaCO, precipitation)

(Ideal) solid solution model [Kulik & Kersten, JACS, 2001]
2 ideal C-S-H binary solid solution phases

silica gel _tobermorite (I + IN

> 4 end-members J
Amorphous silica:  CpS1H; £i5 =0 log(K;)=-2.71 i)

g : ; — C-S-H decalcificafion 12
Tobermorite 1l: C1 5S4 gHs C/S =0.83 log(K;)=-21.19 5. I
Tobermorite |: C5S5 4Hy C/S =0.83 log(K;)=-28.26 | & /%* los 8

| Jennite: Ci550gH2a C/S =17 log(K;)=-15.62 % | : e

e . 02 jen ité 1%

For each end-member i: : molar solid fraction f, = Q/K;:  with (pH<124) / A\

.......................................................... 0
/ \ M4 12 -0 -

activity product solubility product logQq,/Key (-)

i constitutive chemical law which depends on Q, = easy implementation
) A RHNAIUC e

<"y V. Baroghel-Bouny et al. (IFSTTAR) 37 May 29 - June 1, 2012, Aix-en-Provence, France




3.2 - NUMERICAL PHYSICAL-CHEMICAL MODEL

FHKKK Leve) 5

e Transport equations (macroscale - partially saturated material) @
[Thiery et al., CANMET/ACI, 2006]

@ Gaseous CO, diffusion

R AR, dlffustlﬁn coef.
CO, molar flux Wco, = ‘—Dcoz(q5 Sigrad [CO: (Fick's 15 law) "l/ea"
........................... ""-"' e, /-} SPPEINR Yt 5
............... _ St )74 )
............... » Deo, (6, S) —"D%' 6?5)7 (15557
....... ) N LLITP PR Pl o
@ LIqUId Water transp\rt reduction factor
I K e gaegeer e,
filtration rate: Vz = krz{SD grad; pz (extended Darcy's law)
................... n.....-----:,-,-.r,f-----.-i'-';'-'-"-'.';'.'.“.'.‘:....'
pl(§|)p p.(S)) : capillary pressure curve
advection

-------------------------------------------------------------------------------------------------

S _ Zl i (extended Nernst-
mole flux of species i: w . D igrad [4] D grad Y+ [1] Vi i Planck equation)

_DO a4 1 KL
N\ D; = DD_: % 2.35.107Bexp(9,9 T 6%
J@/I/' Calt [1 4+ 625( _'gl ][Tognazz| 1998], [Thiery, 2005]
'<§..-f,’_'f[‘.‘;">"' V. Baroghel-Bouny et al. (IFSTTAR) 38 May 29 - June 1, 2012, Aix-en-Provence, France



3.2 - NUMERICAL PHYSICAL-CHEMICAL MODEL

FHKKK Leve) 5

e Balance equations and related main unknown variables e
[Thiery et al., CANMET/ACI, 2006]

Equations Related variables

(1) Global mass balance equation % = —divwpy =S

.~ Coupling between .
(2) Charge balance divwg =0 = W { transportequations & |

................... chemical reactions..--

(3) C-balance A — _divwe, = [COy| T
(4) Na-balance ... ;‘":3 = —div WN;. e -[ﬁﬁ"":]
(5) K-balance PO _ _givwg (4= (KT
(6) Ca-balance ", % = —div wcg.:: = ng
(7) Si-balance . ‘.:}fgf" div wg; <—  Nc.sH
(8) Local electroneutrality qg=20 <— [OH7]
(9) solid solution model >, fi=0 <~ [H3Si0, ]

] 11
¥ ﬂl”h.l
ity

V. Baroghel-Bouny et al. (IFSTTAR) 39 May 29 - June 1, 2012, Aix-en-Provence, France



3.2 - NUMERICAL PHYSICAL-CHEMICAL MODEL

FHKKK Leve) 5
» |Input data required for the model (accelerated carbonation in lab) e
se\W \“Q“*sr . 0 0
Cna+ s Ok Initial chemical compo. of the pore solution

Initial Ca(OH), content in concrete (mol.m™3)

Initial C-S-H content in concrete (mol.m-3)

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Initial porosity accessible to water (m3.m3)
Initial intrinsic permeability to liquid water (m?) > v‘Ms‘w\
Initial degree of saturation (-)
Pc =Pc(S,)  Capillary pressure curve y
e 3 .
B.C. Xcoz» RHey  External CO, concentration (mol.m?) and RH | 4 _ !0{2) : __JOZ
e ( — (
S, Degree of saturation at the boundary of the [van Genuchten, 1982
\ sample

V. Baroghel-Bouny et al. (IFSTTAR) 40 May 29 - June 1, 2012, Aix-en-Provence, France



3.2 - NUMERICAL PHYSICAL-CHEMICAL MODEL: EXAMPLES OF SIMUl_ATION
FHHHAK Leves
Hcp

(CEMI; W/C=045)
(accelerated carbonation in lab)

1) 1-year sealed curing
2) 1-year exposure to 1-D drying at RH=53%
3) 1-D carbonation

Atmosphere \ Non-carbo. cement paste Input data value
oo () 42.0
V ‘ ?\(\\,s\co\ K7 ((;0_20 m?) o 2 ,
\‘ Sﬂl - — 53 .
— "\ [COs]eq = 2.10 B mol.L 1 D= PlS)  |exp. WVDI
-]1=50%
[ ]_ = N\ n%, (mol.L™1) 5.6
RH = 53% N ndgy (mol.L71) 2.4
N @ | [Na] (mol.L71) | 0.12
N Cne [KH] (molL™1) | 0.24
Idepth > Ry (um) 30
sealant
/
o, ( ’ )
sample

TV Baroghel-Bouny et al. (IFSTTAR) 41 May 29 - June 1, 2012, Aix-en-Provence, France



3.2 - NUMERICAL PHYSICAL-CHEMICAL MODEL: EXAMPLES OF SIMULATION

aoool. Tosts JeH AN K [Morandeau et al., CONMOD, 2010]

phase assemblages nat. c?rbo.°"-.,_. HCP
.  at equilibrium %

-------------------------

Ca(OH), + C-S-H :
carbonation i

------------------------

-> [elevant pH values

Vol. fraction (cm3/ L mat.)

50 silica pel 14d: with alkalis - - - - |-
0 _ 14d: without alkalis =
46 14 42 40 8 6 4 2 2 3 4
log[CO,] [mol.L™] Depth (cm)

‘‘‘‘‘‘

S [

0.7 |

Simulations
imulations 0.6

= good agreement
AAAAA 05

2 3 4 0 1 2 3 4
Depth (cm) mp detailed & accurate predictions  Depth (cm)

¥ T V. Baroghel-Bouny et al. (IFSTTAR) 42 " May 29 - June 1, 2012, Aix-en-Provence, France
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4 - CONCLUDING REMARKS
FHA K

. . =
¥ Multi-level platform of numerical models for durability e*'b/‘/ffy

o intended for different issues
& selection according to accuracy required, target lifetime, available data, ...

r‘oOC"(\e's

g apP /V num. inverse analysis (= input data K, D, u, )

En9™ o Intermediate levels i: probabilistic approaches (=» account for uncertainties)
[CI] profile / carbonation depth & SL prediction

> compromise between refinement & application
(sufficient accuracy for various practical cases) iy .
4 0002° validation of assumptions/mechanisms /
Z

“C’ . . . . . Number of parameter to be determined
A= e High levels —p  integration of transport-chemistry coupling

\ integration of coupling between moisture & ionic/gaseous
transports

e Integrated exp./num. and performance-based approach
7N

input  validation

T® V. Baroghel-Bouny et al. (IFSTTAR) 44 May 29 - June 1, 2012, Aix-en-Provence, France



4 - FURTHER DEVELOPMENTS NEEDED / OTHER APPROACHES

.
Y

KK

... In order to improve the prediction of long-term durability

¥
1 -
oCN>
2 -
3 -
4 -
5 -
6 -
\\O
e,o\'\S“c i
7 -
8 -
o9
e“g\t':x"“’“s

_ [Biernacki et al., ACI, 2001], [Buffo-Lacarriere et al., CCR, 2007], [Kolani, PhD, 2012]
Further coupling with hydration models —~

=> account for early-age characteristics in field cond. ("covercrete")
[Zhang et al., Microdurability, 2012]

Better account for hysteresis effects (scanning curves) on moisture
transport [Johannesson & Janz, B&E, 2009]
[Zhang et al., SSCS 2012]

Better description of nano/microstructure & its evolution
[Bentz, 1997], [Ye, PhD, 2003], [Bishnoi & Scrivener, CCR, 2009]

Account for impact of cracking on transport processes

Advanced physical-chemical models = Probabilistic framework?
> appropriate data bases !

Further physical-chemical coupling or coupling with mechanics

=> e.9. coupled moisture-ions-CO, transport model

=> chemo-thermo-hygro-mechanical models => e.g. sulfate attack, fyost action with
deicing salts Chrefler, SSCS, 2012]

Integration of part of propagation period (corrosion,Cracking, ...
J P PTOP %xander, Mi(eodurability,(2012], [Michél et al. Microdurability, 2012]

Enhanced multi-scale approac O=>Micro=-»macro ;
material=>structure ; 1D=>2D=>3D) <« eg/[vackawa & Ishida, 2001 —2012]
=> ¢.9. 3-D integrated micro-material-structural modelling platform DuCOM-COM3

- _9»?? Baioghel-Bouny et al. (IFSTTAR) 45 May 29 - June 1, 2012, Aix-en-Provence, France
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