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Context

| Lifetime extension of nuclear power plants, impact of chemical attack
on concrete structure

| Study to characterize the degradation of a mature material by ettringite
inner pressure (sulfate attack)

% Cracked interface totally
% filled with ettringite

a?/.vnuplé

Impact of ettringite precipitation at the Typical cracking pattern of Internal
matrix/aggregate interface [?] Sulfate Attack [?] 2/20
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Challenges of the modelling

Species
C* : Species concentrations diffusion

aq
[tn] : Crack opening [UV '\Q
Cracks Geochemistry

Aims of the study

| Mesoscale modeling of chemical attack in saturated mature concrete

| Reactive transport in discontinuous heterogeneous porous medium
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Challenges of the modelling

Species

C?9 : Species concentrations diffusion

o aq
[4n] : Crack opening [UV '\g

Pet: © Pressure induced by ettringite Cracks Geochemistry

€2 . Ettringite concentration

Aims of the study

| Mesoscale modeling of chemical attack in saturated mature concrete
| Reactive transport in discontinuous heterogeneous porous medium
[ Coupling between reactive transport and mechanics

| Generic implementation in XPER IRSN plateform
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Mulitbody approach
| Bulk behavior (Finite Element): undammaged porous medium
| Interfacial behavior (Cohesive Zone Model): fracture physics

Poromechanical behaviour
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Reactive transport

Species transport in a cracked porous medium
chemistry impact
aq =
3%(.; =div(DV %) + ré

| Porous medium:

chemistry impact

| In cracks:
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Reactive transport

Species transport in a cracked porous medium

chemistry impact

ag
Porous medium: 9¢C = div(DV C3) + I
ot

chemistry impact
(C29)° e

| In cracks: 5 = -5+ rée

1 processor, 1774 finite elements, CPU time 120. s 5 / 20
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Reactive transport

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

(€] _ () = (c)

D

& = -0 -

| Transport in cracks

5, = —D°-V(CH) (1—non) with (C7)° =1

2,27
6/20



Introduction Reactive transport with discontinuity Chemo-mechanical model Conclusion
oo 0O0O®000000000 oo

Reactive transport

Species transport in a cracked porous medium

e _ po Lun]
| Crack diffusion model br=0 [Uref]
s - ¥

||

. if [u,,] < [Uref]

Cx = 0.05mol.L~!

L

h/2 = 0.0125m

h/2 = 0.0125m

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

12,7 Hao
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Species transport in a cracked porous medium
p p o
c __ 0 un »
| Crack diffusion model bBf =0 [Uref]’ HF [un] < [urer]
D¢ = DP

[?, 7] 1 processor, 1024 finite elements, CPU time 30 sec 7 / 20
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Reactive transport

Reactive transport

dpCa
ot

chemistry impact

=div(DVC¥) 4+ ré

| Porous medium:
chemistry impact

Yt
| In cracks: P+ pEE

L

o(C*)° c
A ) o
ot

Co =0.01 mol L1

iy

H" ou O,
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Reactive transport

Reactive transport ity it

aq =
9¢C =div(DVC™) 4+ ré

| Porous medium:

ot
chemistry impact
B( Caa)° =
| In cracks: % =95+ rée

1 processor, 1774 finite elements, CPU time 150. s 8 /20
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Reactive transport

Reactive transport

£ — [Qaq + (SSO')TQSO’} =0 Mass balance
N* a S,
L (CRy)n
§SOI =1- M =0 Law of mass action,vVC*!

K

i

c9 > 97 Csol 3 Q

1 processor, 1774 finite elements, CPU time 150. s
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Reactive transport
T T
Cigt _ |:£aq + (saq)T .§aq (gaq) + (sad/aq> .§ad (gaq’gad> + (ssol> ‘gsc'/:| =0

c |:£ad " (sad/ad>T . §ad (gaq,gad>:| —0

NAG
(§sol (gaq))Tgso/ _ 0, ,< 4«7) o Y‘ Z/ 29 _

i= 1

C*¥>0, C¥>0, C¥>0, & (C*¥)>0

| Chemical reaction

1. Solid 3. Aqueous
2. Sorption 4. Electroneutrality

| Logarithmic resolution to ensure positive concentration

(2,2, 7]
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Reactive transport

Reactive transport: numerical resolution

| Geochemical model based on thermodynamic equilibrium assumption
| Reactive transport solved by Sequential Non Iterative Approach (SNIA)
| Chemical resolution at nodes

| Multibody approach to solve heterogeneous material

Chemical resolution at nodes

‘ Species transport |

ag __ [ ragq {
e =) " Material 1

| Chemical resolution |

Material 2

2.2, 7
11/20
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Applications crack porous medium

Reactive transport simulation of cracked concrete

| Concrete cube (5 x 5 x 5cm®) with 35% volume fraction of aggregates.
Initial crack has been computed by mechanical simulation
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Applications crack porous medium

Calcium leaching
| Impact of crack on diffusivity: Df = DPmax ([[u”]] , 1)
Uref
| Calcium leaching induces the dissolution of hydrated mineral that affect the

mechanical properties
prop Without fracture [uper] = 100m

/
C&omy,
[mol.L™1]

[Urer] = 1um

[t,ef] = 10um
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Applications crack porous medium

Calcium leaching

25000
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y . . olid concentrations fraction, 0 is the
of portlandite dissolution 5 0

attack surface area
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Portlandite dissolution areas
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Calcium leaching

| The diffusivity of the gap and the critical gap values impact the
chemical degradation area

| Discontinuities localize the chemical degradation

| The depth is not sufficient to describe the degradation, more general 3D
effects have to be taken into account

Without Fracture [ttres]

Portlandite dissolution areas

[?] 36 processor, 53942 finite elements, CPU time 48h
15/20
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Coupling Strategy

Staggered resolution: coupling strategy

Species transport

. . 29
While ¢ < tinar | [ 92CT _ iy (pyceay 4 ¢
. ot

8(C)°

ot

= div(D([u)V(C*)" - (I — n® n)) +

£ = [

Chemical resolution
| Static thermodynamical resolution

| Evolution of the microstructure

c

Mechanical resolution with FCZM
2

o
Paftzﬂ = V.g(Pett(per)) + £

Eadh — é(ﬁ) . [E]
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Delayed Ettringite Formation
| Sulfates are initially sorbed, sodium Na™ leaching induces ettringite
precipitation
| Geochemical model

® 2 sorbed reactions ® Electroneutrality
B 3 solid reactions B 4 aqueous species

$ 90 e

— >
| I
—® () — > . . (f=s0)
. = q ‘ N
L en'®® _gLiow
N &
_b% .P .
— oD @ ® % e 0O
o S9 o

—

OH™ Na' OH: .Na'
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Chemo-mechanical

Delayed Ettringite Formation

| Sulfates are initially sorbed, sodium Na™ leaching induces ettringite
precipitation

| Geochemical model

B 2 sorbed reactions B Electroneutrality
B 3 solid reactions B 4 aqueous species

| To accelerate the degradation of the DEF, the samples are immersed

17 /20
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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

G =€ _ =10 Tmol L
DT 3 ‘

=] 110mm

] Rotation axis

— 55mm \
Symetrical conditions,
¢=0.u-n=0

48 processors, 18081 finite elements, CPU time 7 days 18 / 20
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Chemo-mechanical

Delayed Ettringite Formation: 3D simulations of mortar

48 processors, 18081 finite elements, CPU time 7 days
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Chemo-mechanical

Delayed Ettringite Formation: 3D simulations of mortar

48 processors, 18081 finite elements, CPU time 7 days
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Delayed Ettringite Formation: 3D simulations of mortar

| Sodium and calcium are the main cations

Sodium leachin impact calcium concentration via electroneutrality and
g
portlandite [7]

Time: 633.333333 (Days)

Cet [mol L7
0014 17002
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I
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33 — 0008
O 0.008
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0.004 0004
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PRy 90e-17
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04 0.6
O3t mol. L7

48 processors, 18081 finite elements, CPU time 7 days
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Conclusion

| Chemical-mechanical model in cracked heterogeneous porous medium

® Multibody approach applied to reactive transport of cracked
heterogenous porous medium

B Coupling reactive transport and mechanics

® Generic approach that can take into account different chemical

attacks

19/20
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Conclusion

| Chemical-mechanical model in cracked heterogeneous porous medium

® Multibody approach applied to reactive transport of cracked
heterogenous porous medium

B 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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