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From Ph.D. Huet B. (2005)

pH>10 8.3<pH<10 pH<8.3

portlandite

tobermorite
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Credits : http://www.crmd-sacre.com

Nous ne pouvons pas afficher l’image.

Nous ne pouvons pas afficher l’image.

-Pas de sources locales anthropologiques connues ni de conditions 
particulaires  pour expliquer la dégradation , 

What is the role of natural factors 
on degradation process ?
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CFMR, 8 Octobre 2020



CFMR, 8 Octobre 2020

1- MOTIVATION

ICOMOS-ISCS : Glossaire illustré sur les formes d'altération de la pierre (2010)  
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Chambord : Desquamation en feuillets et 
en plaques
Thèse S. Badoso 2012

Portugal, Coimbra, Largo de Santa Clara, 
2004. LRMH / Véronique Vergès-Belmin
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1- MOTIVATION

Quels mécanismes pour quelle dégradation ?

Quelles évidences des mécanismes supposés ?

Comment vérifier ces hypothèses  ? 

Comment quantifier l’impact de ces mécanismes ? 
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2-INVESTIGATION : Contrainte THM

Usually derived from a rigourous thermodynamic framework:

- state functions
- state variables
- thermodynamic principles

Principal hypothese
H-M-T-C additif potentials

H-M-T-C additif potentials
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H-M mixed potential of a fully saturated porous elasto-plastic material
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- Multiphase flaw
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H. Rxxx & J.Jxxx Environmentally motivated modeling of hygro-thermally induced stresses in the 
layered limestone masonry structures: Physical motivation and numerical modeling, Acta Mech
220, 107–137 (2011)

Coherent conclusions , but …. : 
“The moisture lag areas speed up the moisture 
movement in a localized zone and they facilitate the
local degradation of the individual bricks”

The mechanically induced stresses are overall geometry 
dependent and they change with different brick
size and mortar thickness. Hence, it is straightforward to find 
out the hot zones at the brick corners



15 m

0.8 m

Ux = 0.0 , Uy = 0.0

Hr = 53 %

15 m

0.8 m

Stone Mortar (2 cm)

Ux

Indoor surface 

Hr = 53 %

T = 20

T = F(time)

INTF1

RH = f(time)

INTF2 INTF3

MR1 MR8MR3 MR5

Numerical model

-5

0

5

10

15

20

25

0 50 100 150 200 250 300
0

20

40

60

80

100

Temp °C
RH %

Time (days)

T (°C) RH (%)

Outdoor
surface 

CFMR, 8 Octobre 2020

2-INVESTIGATION : Contrainte THM



CFMR, 8 Octobre 2020

-5

0

5

10

15

20

25

0 50 100 150 200 250 300
0

20

40

60

80

100

Temp °C
RH %

Time (days)

T (°C) RH (%)
Synthetic typical year from local measured data

2-INVESTIGATION : Contrainte THM



CFMR, 8 Octobre 2020

Material parameters (stone and mortar)

Stone tuff Mortar
Mechanics Young’s modulus

Poisson coefficient
E0=1953 MPa
ν0=0.19

Em=1604 MPa
νm=0.205

Hydraulics
Intrinsinc permeability
Porosity
Fick’s diffusion coefficient

kint = 10-13 m2

Φ = 42%
F=2.05 x 10-6 m2/s

kint = 0.2 10-13 m2

φ = 50%
F=2.05 x 10-6 m2/s

Thermics Thermal conductivity
Specific heat

λ=0.56 W.m-1.K-1

Cp=800 J.kg-1.K-1
λ=0.56 W.m-1.K-1

Cp=800 J.kg-1.K-1

Coupling 
THM

Biot’s coefficient b=0.5 b=0.5
Retention curve n=1.37

Pr =0.013 MPa
n=1.37
Pr =0.013 MPa

Relative permeability m=3 m=3

Thermal expansion
coefficient

α=6 x 10-6 K-1 α=12 x 10-6 K-1
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rel
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 Most of parameters identified from laboratory tests. 
Some are calibrated from in situ measurement)
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Temperature variation in stone-mortar interface
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High gradients of temperature
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INTF1 INTF2 INTF3 INTF4

MR1 MR3 MR5 MR8

Liquid saturation at interface
2-INVESTIGATION : Contrainte THM



Effective stress variation in interface
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Cyclic variation of stress 

α=12x 10-6 K-1
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Compression 
domain
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High amplitude of stress variation in outdoor surface of the wall
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Effective stress variation in stone α=12x 10-6 K-1
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The stress values are inferiors to the limits of strength materials

However stress variation due to meteorological factors are to be 
studied carefully

Damage by fatigue ? Subcritical crack growth ?

Paris law of fatigue :

It is possible to make prediction of time to failure

CFMR, 8 Octobre 2020
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Damage assessement and modeling

Cycles assessement
(strains, stress, energy)

Rainflow counting method,
RCC_M

ModelingRestoration Works 
previsons Lemaitre model
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 Taking account for the spatial variation of parameters on the wall

Dilatation thermique
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Crédits d’illustration K. Beck (2017)
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(D'APRES BRUNET-IMBAULT, 1999 ET RAUTUREAU, 2001 

Mécanisme de formation d’une altération en plaque

2-INVESTIGATION : Couplage THM-C
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K. Beck (2018)

S.Badosa (2012)
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Simulation expérimental de 
formation de gypse (Badosa et al 
2015)
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Est-ce que les concentrations dans la nature des 
polluants, la cinétique d’imbibition et de séchage 
permettent la précipitation du gypse?

Modélisation THM-C 

2-INVESTIGATION : Contrainte THM-C
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2-INVESTIGATION : Contrainte THM-C
Usually derived from a rigourous thermodynamic framework:

- state functions
- state variables
- thermodynamic principles

Principal hypothese
H-M-T-C additif potentials

H-M-T-C additif potentials
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-Chemical potential and chemical activity

Fugacity

Phase gas
Perfect gas

- Chemical reaction

- Cinetique of reaction …..

- Enthalpie variation …...

𝒗𝒗𝒊𝒊𝑨𝑨𝒊𝒊 ↔ 𝒗𝒗𝒋𝒋𝑨𝑨𝒋𝒋 𝑰𝑰𝑰𝑰𝑰𝑰 =
∏ 𝑨𝑨𝒋𝒋

𝒗𝒗𝒋𝒋

∏ 𝑨𝑨𝒊𝒊 𝒗𝒗𝒊𝒊

2-INVESTIGATION : Contrainte THM-C
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Proposal for a sequential solving schema

Hypothesis : 

Weak M->C coupling (but strong C->M coupling)
chTHMchthhm ddddddd εεεεεεε +=+++=

( ) δαδεεσ KdTdpbddCd t
p .3.: −−−=

( ) ( ) ( ) ( ) δαδεεεσ KdTcdpcbdddcCd iti
chp

i .3.: −−−−=

ic Effective concentration

2-INVESTIGATION : Contrainte THM-C
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Numerical schema
Initial state, materials properties, boundary conditions
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What is the impact of chemical composition of water
on swelling pressure ?

Karnland O,et al. (2007) -Experimentally determined swelling pressures 
and geochemical interactions of compacted Wyoming bentonite with 
highly alkaline solutions, Physics and Chemistry of the Earth 32 275–
286

Validation de l’approche :
saturation de l’argile gonflante



Modèle géochimique de la bentonite

Composition minéralogique d’un litre
de bentonite MX-80 sec [GAU 04]

n=43%
k=2.4 10-9 m/s

Water composition in equilibre with MX-80 [GAU 04]

Infiltration by NaOH soluiton

CFMR, 8 Octobre 2020

Validation de l’approche :
saturation de l’argile gonflante



Gonflement pendant la saturation à l’eau
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Validation de l’approche :
saturation de l’argile gonflante
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Ca++

Na+
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Phase 2 : Infiltration par NaOH

Phase 1: Saturation à l’eau



What is the role of climatic factors 
on degradation process ?

Temperature ?
Humidity ?
Pollution ?

CFMR, 8 Octobre 2020

Peut il y avoir une précipitation de gypse dans les 
conditions naturelles et en présence des polluants ? 



SO2
CO2

pH decreases with the time

Partial gas pressures [SUR 00]

SO2 2.01E-7 atm

CO2 3.3E-4 atm

P1=0 MPaP1=0.5 MPa

What about impact of pollution ?
First hypothese :  Air pollution

CFMR, 8 Octobre 2020

2-INVESTIGATION : Contrainte THM-C



SO4
2-Ca2+

 Increase of  Ca2+ and  SO4
2- concentration

But not gypse precipitation!!
CFMR, 8 Octobre 2020



SO2
CO2

Partially saturated
state

Pluie

Acid rain composition [PAR 99] 

pH        4.23
Ca2+ 9.6E-6 mol/l
Na+ 6.1E-6mol/l
CO3

2- équilibre phase de CO2
SO4

2- 4.1E-5mol/l
NH4

+ 1.5E-5 mol/l
NO3

- 1.7E-5mol/l

 Variation en cycle pluie-séchage

P1=-1MPa

Partial gas pressure  [SUR 00]
SO2 2.01E-7 atm CO2 3.3E-4 atm

Second hypothese : Acid rain pollution AND air pollution  
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Hydric state variation

4 Just after rain

1 Middle drying period 2 Just before rain

3 Middle raining period
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At 2 mm from the surface At 48 mm

At 86 mm

Ca2+

CO3
2-

SO4
2-

Mg2+

Na+

K+

Cl-
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 Water saturation varies between 0.008 and 0.94

 No gypse precipitations !!!
CFMR, 8 Octobre 2020



Conclusions
1- Les mécanismes de dégradation des pierres de construction sont 
multiples.  La fatigue THM semble un mécanismes plausible 

2- Si la présence de gypse dans les fractures crées par la desquamation 
en plaque est avérée, son origine et son impact reste à être établié. 
L’origine aérienne du SO2 semble peu probable
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