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Context

Context

Lifetime extension of nuclear power plants, impact of Chemical attack 
on concrète structure
Study to characterize the dégradation of a mature material by ettringite 
inner pressure (sulfate attack)

Impact of ettringite précipitation at the 
matrix/aggregate interface [?]

Typical cracking pattern of Internai 
Sulfate Attack [?] •O'tO'
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Context

Challenges of the modelling

Çfq : Species concentrations 
[u„] : Crack opening

Aims of the study

Mesoscale modeling of Chemical attack in saturated mature concrète 

Reactive transport in discontinuons heterogeneous porous medium



Introduction Reactive transport with discontinuity Chemo-mechanical model Conclusion
om oooooooooooo oo

Context

Chai lenges of the model

çaq Species concentrations

[«J Crack opening

P ett Pressure induced by ettringite

s-sol ^ett Ettringite concentration

Swelling

Aims of the study

Mesoscale modeling of Chemical attack in saturated mature concrète 

Reactive transport in discontinuons heterogeneous porous medium 

Coupling between reactive transport and mechanics 

Generic implémentation in XPER IRSN plateform

► < = ► ]g -O 0,0
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Mulitbody approach
I

I

Bulk behavior (Finite Elément): undammaged porous medium 

Interfacial behavior (Cohesive Zone Model): fracture physics

Legend 
M : solids 

4B» : Main precipitate
^ : Saturated pore

Crack path Poromechanical behaviour

Crack description
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Reactive transport

Species transport in a cracked porous medium
chemistry impact

dèCaq
Porous medium: —= div (DVCatn^

dt ~ts

chemistry impact
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Reactive transport

Species transport in a cracked porous medium
chemistry impact

dSCaq
Porous medium: —= div (DVCat?) +

chemistry impact

In cracks: = ~^s +

□ ► 4 g f-
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Reactive transport

Species transport in a cracked porous medium
Transport through the crack, e cohesive characteristic length

=-Dfm=D,(cj"r-(c")-„

Transport in cracks
= -Dc • V(C“')c • (i - nO n) with (C3t?)c = + (Caq)
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Reactive transport

Species transport in a cracked porous medium
Crack diffusion model ( = D'° [u/J]' ’f ^ < ^

l Dî = D?

Cx = 0.05 mol.L~

h/2 = 0.0125m

i
h/2 = 0.0125m

_ï__ v Y v t Y Y v >

Crack 1, [u\

Crack 2,
$ = 0

L/2 = 0.025m L/2 = 0.025m

1 ► H «00,0
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Reactive transport

Species transport in

Crack diffusion model

a cracked porous medium
f Df = DPM if [un] < [uref] 

{ Df = Df

P. ?]
□ ► 4 gP ► 4 ► 4 ^ ► FF
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Reactive transport

Reactive transport
dèCaqPorous medium: ———= div (DVCaq) +

chemistry impact

dt

d(Caq)cIn cracks: ’ = -$ct5 +
dt ~ts

chemistry impact

Cq2 = 0.01 mol.L-1

"O c\ O'
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Reactive transport

Reactive transport

Porous medium:
d<t>Caci

dt
div (DVCat?)

chemistry impact

In cracks:
d(Cac>)c

dt

chemistry impact

4E "O O 

8/201 processor, 1774 finite éléments, CPU tîme 150. s
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Reactive transport

Reactive transport
r3Ci _—tôt

ç3t? + (sso/) 7~_çso/
r/ = 1_ rÉCTL = 0

= 0

Kf
£aq > o, çso/ > g

Mass balance 

Law of mass action,VCso/

4E "O O
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Reactive transport

Reactive transport
raq —±-tot

Çq + g*,) T _ çaq + ^ ^+ S^ • Ç“

/-ad Çd + ( saad / ad\ £adC (çaq,ça‘ = 0

Waq
(lso' (ça<î)) çso' = o, te,(çaq) = zic;q = o

Çfq > o, Çfd > o, çso1 > o, |so' (Çaq) > o 

Chemical reaction

1. Solid
2. Sorption

3. Aqueous
4. Electroneutrality

Logarithmic resolution to ensure positive concentration
4 □ ► 4 S >[? ? ?]

= 0
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Reactive transport: numerical resolution

| Geochemical model based on thermodynamic equilibrium assumption 

y Reactive transport solved by Sequential Non Itérative Approach (SNIA) 

Chemical resolution at nodes 

Multibody approach to solve heterogeneous material

O O 000000*00000 O 0

Chemical resolution at nodes
Species transport

Chemical resolution

Çac? - {Cf7}

11/20
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Applications crack porous medium

Reactive transport simulation of cracked concrète
| Concrète cube (5 x 5 x 5cm3) with 35% volume fraction of aggregates. 

Initial crack hasbeen computed by mechanical simulation
M [/im] 
r38

30
25

-20
-15

"s0
l0

JZJ

► ■= -O'IO
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Applications crack porous medium

Calcium leaching
Impact of crack on diffusivity: Df = Df max lUn]

[Uref] ,1

I Calcium leaching induces the dissolution of hydrated minerai that affect the

luref] = 100/immechanical properties
Without fracture

13/20
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Applications crack porous medium

Calcium leaching

Evolution of the depth and the volume 
of portlandite dissolution Solid concentrations fraction, 0 is the 

attack surface area
Without Fracture [uref\ = 100[im [uref] = 10[im [uref\ =

^ 'O O'
14/20
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Applications crack porous medium

Calcium leaching

The diffusivity of the gap and the critical gap values impact the 
Chemical dégradation area

Discontinuities localize the Chemical dégradation

The depth is not sufflcient to describe the dégradation, more general 3D 
effects hâve to be taken into account

Portlandite dissolution areas

□ ► 4 gP ► 4 “ ► < .=? ► -E *00.0
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Coupling Strategy

Staggered resolution: coupling strategy

éf < -ë ► < ■= s? *00,0 
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Delayed Ettringite Formation
Sulfates are initially sorbed, sodium Na+ leaching induces ettringite 
précipitation

Geochemical model

2 sorbed reactions
3 solid reactions

OH' Na

Electroneutrality 
4 aqueous species

□ OH Na- -ü "O O
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Chemo-mechanical

Delayed Ettringite Formation
Sulfates are ïnïtially sorbed, sodium Na+ leaching induces ettringite 
précipitation

Geochemical model

■ 2 sorbed reactions 1 Electroneutrality
■ 3 solid reactions 1 4 aqueous species

To accelerate the dégradation of the DEF, the samples are immersed
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Delayed Ettringite Formation: 3D simulations of mortar
1/4 of 110x220 mm mortar sample

The Chemical conditions represent the immersion of the sample in water

4> = 0, u ■ n = 0
48 processors, 18081 finîte éléments, CPU tîme 7 days 18/20
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Chemo-mechanica

Delayed Ettringite Formation: 3D simulations of mortar

4E "O O 
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Chemo-mechanica

Delayed Ettringite Formation: 3D simulations of mortar

4E "O O 
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48 processors, 18081 finite éléments, CPU tîme 7 days
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Chemo-mechanical

Delayed Ettringite Formation: 3D simulations of mortar
Sodium and calcium are the main cations

Sodium leaching impact calcium concentration via electroneutrality and 
portlandite [?]
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Conclusion

Chemical-mechanical model in cracked heterogeneous porous medium

Multibody approach applied to reactive transport of cracked
heterogenous porous medium
Coupling reactive transport and mechanics
Generic approach that can take into account different Chemical
attacks
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Conclusion

Chemical-mechanical model in cracked heterogeneous porous medium

Multibody approach applied to reactive transport of cracked
heterogenous porous medium
Coupling reactive transport and mechanics
Generic approach that can take into account different Chemical
attacks

In progress

■ SIA solver for reactive transport 
Kinetic dissolution reaction 
Coupling geochemical software CHESS with XPER 
External Sulfate Attacks (Ph.D. Julie Pouya) and Alkali Silica 
Reaction (Ph.D. Lucie Gomez)
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