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➔ Introduction



- Prediction of occupant’s behavior
- Metabolic heat  gain modeling of 

occupants

Thermal modeling of the building
structure

-Fluid / Solid /Porous Media
-Thermal behavior
-Phase change 
-Sorption
-Turbulent Flow
-Etc..

- Simulation under different weather
- Solar gain modeling

Dynamic interactions of a building

Building

- Load calculation for optimal 
design of  heating/cooling system

- Static model of electrical 
appliances

Exterior 
Condition

Occupancy

Physical
Properties

Sub-
Systems

▪Problematic Issues:
• Dynamic Interactions of a Building with …….. & Sustainable Ressources
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Energy

Material

Bioclimatic



➔ Introduction



Reduction of Energy needs 
(Building sector)
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Free cooling floor slab

Free ventilation (solar chimney)

➔ Introduction  (ENS Building)

Pond refreshment



➔ RE2020 : Grands principes
Energy Saving
Energy Efficiency

Life cycle 
Carbon impact

Coolness of buildings 
Heatwave or T evolution



Exigences sur les indicateurs énergétiques en résidentiel

Bioclimatic needs

Primary energy consumption

Cep non renewable



Real Building
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REGULATION

Goal?

Signal ~Noise
1- Model Approach?

2- Performances  & Reliability?

Adaptations to temperature 
changes-crisis

➔ RE2020 : Questions
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Objectifs?

Operationnal

Efficiency

RésistanceComfort
(goal)

Conception

Functionnalities

Construction

External actions

Meteorological

Environmental

Catégories

• R

• R&D

• R&D

• R&D

Durability?
Sustanability?

• Knowledge output
Particular case ➔ weak conclusion

• Social and/or economic impact
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External (transient)

Build for what?

What are the 
available resources?

Etc… 
Sustanability / Durability

Energy

Material



Matériaux et Eco-

matériaux

Bio-Materials



Sustanability
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Solid solid spruce wood
BM: utilisé en structure, murs, 

… 

Wood fibre insulation, 
IFB : utilisé en isolation intérieure, extérieure, 

toiture, …

Oriented Strand Board, 
OSB : utilisé en murs en ossature bois, 

Planchers, contreventement… 

As material

Hemp concrete  

7.5µm

31.8µm



Building : 43.6 % of final energy consumption and 
23 % of CO2 production

Porous material

Evaluation of the 
material’s behavior at 
the microscopic scale

300 µm

X 400

Complex interactions of 
different heat and moisture 
transport mechanisms

Building envelopeImpacts of external and internal environment 

Multi-scales approach

Understand the 
macroscopic 
phenomena

Durability



Motivation     

Scale of Interest    
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Hygroscopic materials (high sensitivity to moisture)

Lack of knowledge of microscopic behavior 

High heterogeneity and anisotropy

No representative model of microscopic behavior exists

Durability

Swelling or shrinkage below the fibre saturation point 

High water content increases condensation in the building envelope

High probability of structural degradation

Durability



Procedure

Non-destructive method    

Uses X-ray to create cross sections of a physical object (resolution<1µm)

3D reconstruction can be performed using specific softwares (efX)

NSI-X50 Tomograph 18



VOI of dimensions 500x500x500
(85         = 4.4x4.4x4.4         )
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Fibers Orientation

100 200 300

Direction 1

Fibers

Analyse d’orientation des fibres

Determination of VOI

[El Hachem C*., Ye P*., Abahri K. & Bennacer R. (2017). Fiber’s hygromorphyc effect on thermal conductivity of wooden fibrous insulation characterized
by X-ray tomography. Construction & Building Materials, 150, 758-765 ]

Wood Fiber Insulation
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Fibers’ diameters’ distribution for different humidity conservation conditions
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Isolated fiber evolution under controlled ambient conditions (40 to 99 % relative 
humidity)

[C. El Hachem, P. Ye, K. Abahri, R. Bennacer, Fiber’s hygromorphyc effect on thermal conductivity of wooden fibrous insulation characterized by X-ray tomography, construction & 
building materials, accepted: 26  mai 2017]

Geometrical analysis



Transfert properties - Homogenization

Equivalent conductivity and diffusion coefficients in the 3 principal wood 
directions

Slices of  temperature distribution and wood fiber insulation morphology

Spruce wood 



A 3D view on ImageJ of the ROI of dimensions 1.6x1.6x1.6 
mm3 of a dried specimen with the latewood/early wood 

transition
RH= 60% 

Wood



iMorph

MicroXCT-400 (CEREGE)

Pores/Solid 

Average porosity evaluation

Fibers individualization

Specific surface , crookedness….

ROI 0,3 x 0,3 x 0,5 mm³
Résolution: 0,5 µm/pix

=>Clearer identification of wood roughness, parenchyma, and connections between the fibers…



Pores diameters 
Resolution: 3,3 µm/pixel
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Resolution: 0,5 µm/pixel

Similar distribution for the two resolutions

0.5 microns / pixel resolution allows identifying a large deviation between the values

Early wood  fiber thicknesses : 5 µm

Latewood fiber thicknesses :  6 µm
[El Hachem C., Abahri K., et al., Heat and Mass Transfer. 2018]



Fibre saturation point is the water content at which the fibres are completely saturated with 
bound water

The swelling of the wood is caused by the bound water absorbed by the fibresAbove the fibre
saturation point there is little or no swelling

Water bound 
in the fibers

Fibers saturated  
of bound water

Free water in 
fibersInitial dry cell  

[Livre EPFL]



Corrélation 3D

f(x) = g(x + u(x))

Maillage déforméMaillage initial

Fonctions tridimensionnelles 
en niveau de gris

Conservation de niveau de gris

Minimisation du Résidu de corrélation

Discrétisation éléments finis (Corréli C8R)

(Roux et al., 2008)

f(x) g(x)

Modelling of the hygro-mechanical behaviour



Réponse mécanique

Gonflement 
anisotrope

Volume référent :
0%HR

Volume déformé : 
72%HR

Taille du volume :
200x200x200 voxels

Taille d’éléments
8x8x8 voxels

(pix)

(pix)

(pix)

Champs de déplacement



Caractérisation 
expérimentale

Strategy

Comportement 
hygromorphique

Quantification 
eau liée/libre

Evolution des 
constituants 
chimiques

Déplacements 
expérimentaux

Déplacements
numériques

Modélisation

Validation et 
Identification

RMN DRX µtomo

Corrélation 3D

Matlab, Cast3m



Démarche numérique

Déplacements sur 
les deux phases

Maillage EF phases 
solide et poreuse

Projection des 
déplacements

Validation et Identification

Volume scanné à deux 
humidités relatives

Modélisation : Champs 
de déplacements

Champs de déplacements 
expérimentaux
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Sensibilité des paramètres

Paramètres à identifier:
• Coefficient de Poisson ν
• Coefficient de gonflement β

Impact sur la réponse
25% de variations pour chaque paramètre

Volumes étudiés en corrélation : Etat initial et état final

• Pas d’information sur la cinétique de transfert
• Critère de comparaison entre expérimental et numérique : champs de déplacement
• Paramètres du modèle ne varient pas en fonction de l’HR

On peut donc négliger l’influence des coefficients de diffusion sur les résultats

Sensibilité des paramètres mécaniques: E, ν et β



Identification des paramètres

Champs de résidus Identification des paramètres

Paramètres identifiés
• Coefficient de Poisson ν : 0,1
• Coefficient de gonflement β : 0,09

La norme des résidus a diminué de 0,27 à 0,19 voxels



Conclusion

• Exemple of an original numerical approach

• Validation of a locally isotropic hygro-mechanical model

Identified parameters:

➢ Poisson's ratio ν: 0.1

➢ Swelling coefficient β : 0.09



• Technological??

• Regulation??

• Sociological??
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