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Résumé

Ce travail aborde la modélisation numérique et expérimentale des transferts de chaleur
et d’humidité au sein des matériaux biosourcés. Il traite la problématique de l’évolution du
comportement de ces derniers en fonction de leur vieillissement dans l’optique d’une meilleure
fiabilité des simulations hygrothermiques des bâtiments. Grâce à une formulation adimension-
nelle des équations de transferts couplés de chaleur et de masse, des nombres sans dimensions
reliant les échelles caractéristiques des phénomènes physiques sont mis en évidence.

Cette formulation est utilisée pour établir une modélisation expérimentale à l’échelle du
laboratoire pour étudier le vieillissement des matériaux, et notamment l’évolution de leurs pro-
priétés en fonction des cycles de séchage et imbibition. Les lois de similitudes sont exploitées,
en respectant les invariants caractérisés par des nombres adimensionnels, permettant ainsi de
diminuer significativement la durée des essais. Ainsi si le phénomène de vieillissement a une
échelle temporelle réelle de plusieurs années, la maquette expérimentale équivalente permet de
réduire cette échelle à quelques dizaines de jours.

Dans un premier temps, deux expériences de validation des lois de similitude sont menées
dans le cas de transferts de chaleur seuls et la deuxième, plus générale, dans le cas de transferts
couplés de chaleur et masse au sein d’un matériau biosourcé. Pour chaque cas, deux maquettes
expérimentales sont élaborées pour deux configurations : une dite de référence et une dite
réduite, pour laquelle les échelles temporelles de transfert sont diminuées. Les deux configu-
rations ont les mêmes nombres sans dimension et sont donc équivalentes d’un point de vue
des similitudes. Les champs de température et de teneur en eau sont comparées pour les deux
configurations au regard des incertitudes de mesures. Cette analyse par intervalle de confiance
permet de valider les résultats obtenus et de fiabiliser ainsi l’approche des lois de similitudes
pour les transferts de chaleur et de masse dans les matériaux poreux.

Dans un deuxième temps, cette méthodologie est appliqué pour développer un protocole
de vieillissement d’un matériau biosourcé. Sur la base de données climatiques représentatives
(température, précipitations, radiation solaire normale incidente) d’une zone géographique et
des lois de similitudes de transfert, une maquette expérimentale réduite est générée. Cette ma-
quette soumet le matériau à une alternance de cycle d’imbibition et de séchage sur une durée
de 40 jours à défaut de 1 an pour la configuration réelle. Au cours de ce protocole accéléré de
vieillissement, la porosité, la conductivité thermique, la perméabilité à la vapeur d’eau et le pH
du matériau sont mesurées. Les observations expérimentales obtenues dévoilent une variation
sensible de ces propriétés au cours du temps. L’exploitation de ces données a permis de propo-
ser un modèle numérique du vieillissement de la porosité en fonction des charges thermiques et
hydriques subies par le matériau.
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Enfin, ce modèle a été inclus dans un modèle de transferts de chaleur et de masse à l’échelle
d’une façade de bâtiment. Les simulations mettent en exergue que le vieillissement du matériau
engendre une modification notable du bilan thermique et hydrique de la façade.
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Abstract

This work addresses the numerical and experimental modeling of heat and moisture trans-
fers within bio-based materials. It deals with the issue of aging of these materials, with a focus
on improving the reliability of energy simulations in buildings. Through the dimensionless for-
mulation of coupled heat and mass transfer equations, dimensionless numbers, which relate the
characteristic scales of physical phenomena, are identified.

This formulation is used to propose an experimental modeling at the laboratory scale for
the study of material aging. Particularly, the evolution of their properties is investigated based
on drying and imbibition cycles. Similarity laws are applied, while meeting the hypotheses on
dimensionless numbers, to reduce significantly the duration of experiments. Thus, if the aging
process has a real time scale of several years, the equivalent experimental model reduces this
scale to few weeks.

First, two experiments tests the application reliability of similarity laws in the case of heat
transfer alone, and the second, more general, deals with coupled heat and mass transfers within
a bio-based material. For each case, two experimental models are developed. These represent
two configurations : one referred to as the reference and the second as the reduced configura-
tion, in which transfer time scales are reduced. Both configurations have the same dimensionless
numbers and are, therefore, equivalent in terms of similarity. For both configurations, tempe-
rature and moisture content fields are compared with regard to measurement uncertainties.
Obtained results are validated through a confidence interval analysis. The latter reinforces the
similarity laws approach for heat and mass transfers in porous materials.

In the second part, this methodology is applied to develop an aging model for a bio-based
material. Based on representative climate data (temperature, precipitation, incident normal
solar radiation) and transfer similarity laws , a reduced experimental model is generated. Ac-
cording to this experiment, the material is subjected to a succession of imbibition and drying
cycles over a period of 40 days, instead of one year in the real-scale configuration. During the
accelerated aging experiment, porosity, thermal conductivity, vapor permeability, and pH are
measured. The experimental observations reveal a significant variation in these properties over
time. The data are used to propose a physical model of aging. It describes the evolution of
porosity due to the heat and moisture loads that undergoes a porous material.

Finally, the model of porosity is integrated into heat and mass transfer at the building wall
scale. Simulations highlight that material aging causes a significant change in wall heat and
moisture balance.
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Introduction générale

L’étude de la performance énergétique et environnementale des bâtiments ambitionne d’op-
timiser l’efficacité des bâtiments, leur empreinte carbone et d’assurer un confort optimal aux
occupants à moindre coût. Le contexte général de la transition énergétique est marqué par la
prise de conscience croissante de l’impact environnemental lors de la conception des construc-
tions neuves et la rénovation du parc ancien. En effet, le bâtiment est un secteur consommateur
d’énergie à l’échelle mondiale [1, 2]. Il est aussi source des émissions de gaz à effet de serre
et un facteur important du dérèglement climatique [3]. La réglementation nationale et les exi-
gences internationales deviennent plus strictes et visent à réduire la facture énergétique et aussi
à promouvoir l’exploitation des énergies renouvelables tout en veillant à atteindre la cible de
la réduction de l’empreinte environnementale. D’un point de vue scientifique, les systèmes de
chauffage et de climatisation des bâtiments sont dimensionnés sur la base des règles de calcul
thermique. Les matériaux utilisés dans la construction des bâtiments jouent également un rôle
important, car ils peuvent affecter le comportement hygrothermique les enveloppes de bâtiments
et la qualité des environnements intérieurs. C’est, en effet, dans le cadre de cette problématique
sociétale de transition énergétique et environnementale que s’inscrit ce travail. De nombreuses
investigations ont été menées dans l’optique d’optimiser les performances énergétiques et envi-
ronnementales des matériaux de construction [4]. Les recherches ont contribué à l’introduction
de nouveaux types de matériaux. Il s’agit principalement de la formulation des écomatériaux in-
novants, des matériaux biosourcés [5] et géosourcés. Les écomatériaux sont conçus en employant
des techniques de production plus durables et des matériaux recyclables réduisant ainsi à la
fois, la part du ciment connue par un mauvais bilan carbone et aussi celle du sable qui est peu
abondant. Les matériaux fabriqués à partir de ressources renouvelables d’origine biologique,
telles que les plantes, les arbres, les animaux ou les déchets organiques, sont nommés matériaux
bio-sourcés. Par exemple, les panneaux de construction, d’isolants, de cloisons, de revêtements
de sol et de murs peuvent être fabriqués à partir des matériaux de construction recyclables tels
que le bois, le bambou, le cuir et les fibres végétales. A vue des nombreux avantages, notamment
ceux dédiés à la durabilité, la réduction des émissions de gaz à effet de serre et l’utilisation de
déchets agricoles, les matériaux bio-sourcés représentent de nos jours une alternative viable par
rapport aux matériaux conventionnels [6, 7, 8]. Les caractéristiques des matériaux bio-sourcés
varient en fonction de leur composition chimique, leur structure et leur méthode de fabrication.

Quant aux normes, certaines encouragent le choix des matériaux biosourcés et valorisent
leur utilisation dans le domaine de construction. En France, nous distinguons la norme NF EN
16516 et NF P01-010. La première s’intéresse aux émissions des composés organiques volatils
des matériaux de construction, y compris ceux biosourcés. Pour la deuxième, elle porte sur les
caractéristiques et les performances des isolants thermiques et acoustiques à base végétale. Mis à
part de ces normes, les labels « Maison Passive » et « bâtiment bio-sourcé » recommandent l’in-
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tégration des matériaux à base de matières premières renouvelables dans les bâtiments passifs.
Bien que ces normes appellent à l’intégration de ces matériaux, la promotion de ces derniers est
freinée par la communauté scientifique du fait de la méconnaissance de leur comportement en
fonction du temps et des sollicitations subies. En effet, de nombreuses investigations ont mon-
tré que les propriétés microscopiques d’un matériau biosourcé évoluent dans le temps [9, 10].
Pour un béton conventionnel, l’exposition à des variations de température et d’humidité, dans
le domaine du bâtiment, n’affecte que légèrement sa microstructure. En parallèle, les mêmes
sollicitations peuvent induire une variation significative des propriétés d’un matériau biosourcé.
Ceci est due à la présence des fibres végétales, aux phénomènes de gonflement et de rétrécisse-
ment qui sont observés à l’échelle microscopique. Explicitement, une particule à base organique
gonfle en absorbant de l’eau suite à des sollicitations d’humidité. Sinon, l’eau présent dans le
matériau s’évapore sous la présence de chaleur, ce qui engendre un rétrécissement. Ces deux
phénomènes inverses sont, entre autre, responsables de l’évolution temporelle de la structure
poreuse d’un matériau biosourcé et donc de ses propriétés physiques. La communauté scienti-
fique nomme cette évolution vieillissement. Ce phénomène a été investigué dans la littérature
afin de comprendre ses mécanismes. Ainsi, l’étude du vieillissement est modélisée expérimen-
talement au laboratoire par l’intermédiaire des essais recourant à des cycles de température et
d’humidité. La durée de ces cycles est généralement de quelques semaines voire des mois, ce qui
montre l’aspect accéléré de ces essais. Par exemple, des cycles d’humidification, d’imbibition
et de projections à l’eau sont appliqués pour représenter les sollicitations hydriques. En outre,
des variations de température (séchage ou gel) et de rayonnement thermique sont considérées
pour traduire les sollicitations de chaleur. Bien que des protocoles de vieillissement existants
démontrent l’évolution de la microstructure des matériaux biosourcés. Néanmoins, ils peuvent
manquer parfois de fiabilité vu le caractère lent du processus qui s’étend sur plusieurs années.
De plus, ces protocoles se basent sur l’application des sollicitations climatiques défavorables.
Ces dernières ne sont pas représentatives d’un climat normal où les conditions météorologiques
varient dans le temps. Les normes ASTM G7 et ASTM G154 fournissent des recommandations
générales sur l’exposition des matériaux aux environnements extérieurs. Ils sont utilisés par
les laboratoires d’essais sur des sites de référence météorologiques extérieurs, pour tester des
matériaux directement exposés à la lumière naturelle du soleil. Au final, il est difficile de décrire
la configuration réelle qui correspond à un essai accéléré mené dans le laboratoire. Par consé-
quence, la variation des propriétés d’un matériau biosourcé, due à un protocole de vieillissement
accéléré, peut être surestimée ou inversement.

La contribution de cette recherche répond à la problématique suivante : comment étudier
le vieillissement naturel d’un matériau ? D’une part, nous proposons une méthodologie pour le
développement d’un protocole de vieillissement basé sur des données météorologiques représen-
tatives. Cependant, l’application expérimentale de cet essai est freinée par la longue durée qui
caractérise ce phénomène. Pour y remédier, les lois de similitudes sont exploitées pour géné-
rer une maquette expérimentale qui représente le vieillissement à l’échelle du laboratoire. Ces
lois reposent sur des invariants caractérisés par des nombres sans dimension. Ces invariants
découlent de la formulation adimensionnelle des équations de transferts couplés de chaleur et
de masse. Ils permettent de relier les échelles caractéristiques, notamment espace-temps, de
ces phénomènes de transfert. En particulier, il est question de réduire la durée du protocole
du vieillissement. La maquette expérimentale développée s’étend ainsi sur quelques dizaines
de jours tout en restant fiable et représentatif du phénomène étudié. En guise d’application,
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l’effet du vieillissement dû au protocole proposé, est investigué sur le béton de chanvre en me-
surant la variation de ses propriétés. Ce manuscrit sera décliné en cinq parties complémentaires.

Le premier chapitre est constitué d’un état de l’art qui résume les principaux travaux liés à
cette thématique de recherche. Dans un premier lieu, il est convenu de définir le matériau poreux
et ses caractéristiques intrinsèques. Cette étape est indispensable en raison de la nature poreuse
du matériau biosourcé. Par ailleurs, la connaissance de la microstructure d’un matériau permet
de déterminer ses propriétés thermiques et hydriques. Nous présentons, ainsi, les protocoles de
mesures des principales propriétés qui sont abordées dans la littérature. Ensuite, nous nous dé-
crivons la nature des matériaux biosourcés en étudiant quelques exemples. Leurs performances
énergétiques et environnementales sont illustrées et discutées. Dans le secteur du bâtiment, les
performances des différentes parois sont évaluées à partir de l’étude des transferts couplés de
chaleur et d’humidité au sein des matériaux qui les composent. La réponse des enveloppes de
bâtiments aux sollicitations climatiques (température, flux solaire, humidité relative, pluie ...)
est quantifiée. Sur une longue durée, ces sollicitations impactent l’évolution de la microstructure
des matériaux utilisés. Dans ce chapitre, les différents types du vieillissement sont présentés,
y compris le vieillissement thermo-hydriques des matériaux de construction. Dans ce cadre,
des exemples d’essais accélérés sont explicités. Finalement, nous clôturons l’état de l’art par la
définition des lois de similitude et leurs domaines d’utilisation. En effet, leur emploi est déter-
minant pour la réduction de la durée des expériences à l’instar du processus de vieillissement.
Cette partie distingue deux types de travaux. Certains valident expérimentalement les lois de
similitude en travaillant sous des hypothèses bien définies. Les autres appliquent directement
ces lois en proposant des maquettes simplifiées.

Lors du deuxième chapitre, il sera abordé la validation expérimentale des lois de similitude
sur une configuration simple d’un transfert de chaleur par conduction unidirectionnelle. Cette
partie reflète notre premier travail expérimental durant la thèse. La seconde constitue une gé-
néralisation de l’application des lois de similitude sur un cas complexe de transferts couplés de
chaleur et d’humidité. Après le développement du modèle physique de transfert de chaleur et
de la configuration de référence retenue, l’application des lois de similitude permet d’en déduire
une configuration équivalente présentant une durée plus courte. Grâce à un suivi expérimental
de l’évolution de la température, un calcul des incertitudes est entrepris afin de comparer les
résultats des deux configurations et d’en conclure quant à la fiabilité de ces lois dans la prédic-
tion du comportement thermique des matériaux en fonction de leur âge.

Dans le cadre du troisième chapitre, la validation expérimentale des lois de similitudes dans
un cas plus généralisée sera effectuée. Contrairement à un phénomène de transfert de chaleur,
cette partie aborde un modèle plus complexe qui fait intervenir des équations aux dérivées
partielles fortement couplées. La généralisation des lois de similitude aux transferts couplés
de chaleur et d’humidité est justifiée par la sensibilité d’un matériau biosourcé à la présence
d’eau dans sa microstructure. Pour ce genre de matériaux, la sensibilité aux transferts de masse
d’eau est plus remarquable contrairement aux matériaux de construction traditionnels. Les es-
sais seront appliqués sur un béton de chanvre en se donnant une configuration de référence et
une autre accéléré et équivalente. Les observations expérimentales et le calcul d’incertitudes
sur le champ de température et d’humidité relative ont permis de justifier la méthodologie. Ce
résultat est nécessaire pour aborder le phénomène du vieillissement.
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Le quatrième chapitre porte sur l’étude du vieillissement du béton de chanvre. Grâce au
développement d’une méthodologie, des données climatiques annuelles sont utilisées pour pro-
poser un protocole de vieillissement, dit de référence. Cette méthodologie est élaborée sur la
base d’un certain nombre d’hypothèses. Suite à la validation expérimentale des lois de simili-
tude, celles-ci sont utilisées pour réduire la durée de ce protocole en proposant une maquette
réalisable à l’échelle du laboratoire. Il sera, ensuite, abordée la campagne expérimentale. Cette
dernière vise à évaluer la variation temporelle des propriétés du béton de chanvre due à l’ap-
plication du protocole du vieillissement développé. Sur la base des observations, il sera conclu
sur l’effet notable de ce phénomène sur la porosité en tant que propriété intrinsèque. Cette
évolution de porosité sera accompagnée d’une variation significative de la conductivité ther-
mique et de la perméabilité à la vapeur. Aussi, ces résultats expérimentaux seront comparés
à des corrélations empiriques qui expriment les propriétés de transfert en fonction de la porosité.

Le cinquième et dernier chapitre est dédié à une investigation numérique. Il s’agit de dévelop-
per un modèle phénoménologique de vieillissement des matériaux. Ce dernier décrit la variation
de la porosité en fonction du temps en s’inspirant d’un modèle de croissance de populations.
Dans ce cas, l’augmentation et la diminution de la porosité sont entraînées respectivement par
l’exposition à des charges d’humidité et de chaleur. Dans le modèle de vieillissement, deux ap-
proches de définition des charges climatiques sont distinguées : une glissante et l’autre cumulée.
En introduisant deux coefficients dans le modèle, une estimation de ces paramètres est menée
dans l’optique d’obtenir les coefficients optimaux vis-à-vis des mesures de porosité. Cette in-
vestigation est réalisée en utilisant les mesures de porosité obtenues dans le chapitre précédent.
Enfin, le vieillissement est pris en compte dans la simulation des transferts de chaleur et d’hu-
midité. Moyennant une étude comparative, l’évaluation de l’impact du phénomène étudié sur
la performance thermo-hydrique du béton de chanvre est entreprise. L’étude conclut sur la né-
cessité de considérer le vieillissement dans la prédiction du comportement thermo-hydrique des
matériaux de construction. A l’échelle du bâtiment, l’intégration du modèle développé aiderait
à mieux prédire la performance énergétique d’une construction lors de la phase de conception.
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Chapitre 1

Introduction

Ce premier chapitre représente un état de l’art spécifique aux lignes directives de cette thèse.
Il s’agit, principalement, de discuter des éléments de la littérature, portant sur les matériaux
bio-sourcés et leur vieillissement hydrique et thermique. Ces matériaux sont des milieux hé-
térogènes à forte porosité. Dans cette optique, la première partie est consacrée à la définition
du milieu poreux et de ses propriétés physiques. La connaissance de la microstructure d’un
matériau poreux aide à mieux appréhender son comportement face aux sollicitations de chaleur
et d’humidité. Afin d’y parvenir, la maîtrise du comportement d’un matériau passe par l’étape
de caractérisation expérimentale des propriétés intrinsèques de ce dernier. Dans ce contexte,
la deuxième partie du chapitre résume les procédures expérimentales utilisées pour la mesure
des propriétés hydriques et thermiques d’un matériau. Nous exposons, aussi, lors de la troi-
sième partie la notion du matériau biosourcé en illustrant, via des exemples, les résultats liés à
leurs performances énergétiques et environnementales. Dans la quatrième partie, l’effet de l’âge
(vieillissement) sur les propriétés des matériaux est abordé et ce pour différents domaines de
recherche. Il sera évoqué les protocoles expérimentaux développés pour la modélisation de ce
phénomène et nous nous intéressons, plus particulièrement, aux essais accélérés de vieillissement
sous sollicitations hydriques et thermiques proposés dans la littérature. En effet, entreprendre
des essais accélérés est justifié par le caractère très lent du vieillissement naturel qui peut s’étaler
sur des décennies. Cette considération constitue un verrous scientifique qui freine le développe-
ment d’un protocole de vieillissement représentatif et l’existence de données fiables quant à la
durabilité des matériaux et des structures. La cinquième partie met en exergue l’utilisation des
lois des similitudes et ce pour des domaines d’applications variés. Grâce à ces lois, il est possible
d’établir des équivalences entre des configurations ayant des échelles caractéristiques équiva-
lentes. Sous certaines conditions, l’échelle spatiale et temporelle d’une configuration peuvent
être réduites. De plus, suivant des domaines d’applications, la fiabilité de l’application de ces
lois est discutée en faisant appel à quelques résultats issus de la littérature.
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1 Milieu poreux
L’état bibliographique débute avec les concepts liés au milieu poreux. Ceux-ci se résument à

la définition du milieu, quelques approches théoriques pour le modéliser ainsi que ses propriétés
intrinsèques.

1.1 Définition
Un milieu poreux est une partie de l’espace occupée par une matière hétérogène ou multi-

phasique comme le montre la Figure 1.1. Au moins une des phases composant ce milieu n’est pas
solide. Elle peut être gazeuse et/ou liquide. La phase solide est appelée matrice solide. L’espace
compris dans un milieu poreux et ne faisant pas partie de la matrice solide est appelé espace
vide (ou espace poral). Dans un milieu poreux, certains pores sont interconnectés. L’espace po-
reux interconnecté est souvent dénommé espace poreux effectif. Dans le cadre d’un écoulement
à travers un milieu poreux, les pores non interconnectés peuvent être considérés comme une
partie de la matrice solide. De plus, certaines régions de l’espace interconnecté peuvent être
sans effet vis-à-vis de l’écoulement d’un fluide. Ainsi, des pores peuvent être fermés, à savoir des
canaux qui ne présentent qu’une seule connexion avec l’espace poreux interconnecté, empêchant
ainsi tout écoulement à travers ces pores.

Figure 1.1 – Illustration du milieu poreux.

Il n’existe pas une classification unique des milieux poreux. Toutefois, nous distinguons la
famille des milieux artificiels et l’autre des milieux naturels. Les milieux artificiels sont conçus
par l’homme à l’échelle macroscopique, autrement dit, ils n’existent pas dans la nature. A titre
d’exemple, les membranes poreuses sont utilisées dans les systèmes de filtration d’eau pour
éliminer les impuretés et les particules. Les tissus imperméables respirants sont conçus avec
des pores microscopiques qui permettent à la vapeur d’eau de s’échapper tout en empêchant
l’eau liquide de pénétrer. Aussi, l’apparition récente des imprimantes 3D permet de concevoir
différentes formes de microstructure en utilisant de la matière synthétique. Plus loin, la nature
est à l’origine de l’existence des milieux poreux biologiques et géologiques. Parmi les différents
exemples inspirés de la biologie (os, tissus, membranes, anas et fibres), nous citons les réseaux
de pétioles et ceux capillaires [11]. Par ailleurs, la formation des milieux géologiques passe par
des processus complexes. Ce type de milieux est abordé parce qu’il apporte un aperçu de la
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terminologie géologique. Voici quelques exemples de milieux géologiques : le sable, le grès, le
calcaire et la craie, etc. Les milieux poreux de nature géologique présentent deux types d’hétéro-
généité géométrique [12]. Premièrement, une porosité qui varie dans l’espace et deuxièmement
l’existence de discontinuités sous la forme de fissures. Pour les matériaux de construction, les
éléments utilisés pour les formulation sont majoritairement des dérivés naturels.

1.2 Les propriétés intrinsèques
L’identification des propriétés intrinsèques est utile pour décrire entièrement la microstruc-

ture d’un milieu poreux. Ces propriétés ne dépendent que de la géométrie de la structure
poreuse. Cette section aborde la surface spécifique, la connectivité, la tortuosité, la porosité et
la perméabilité intrinsèque. En complément, le milieu poreux est décrit en introduisant deux
propriétés intrinsèques supplémentaires de nature statistique, à savoir la distribution de tailles
des pores et de particules.

1.2.1 Porosité et volume élémentaire représentatif

La porosité est un paramètre essentiel pour évaluer la durabilité des matériaux et pour
caractériser leur structure interne. Elle représente la proportion des espaces vides capables
de contenir un fluide par rapport au volume total du matériau. La structure poreuse, qui se
compose de pores et de canaux de petite taille, peut être classée en différentes catégories. Par
exemple, nous utilisons les termes "porosité résiduelle" ou "porosité fermée" pour décrire la
partie du système poreux qui renferme des pores isolés, ne communiquant pas avec le reste de
l’espace poreux ni avec l’extérieur.

Figure 1.2 – Illustration de la porosité ouverte et des dimensions du volume élémentaire
représentatif.

Cette forme de porosité n’a pas d’incidence sur les écoulements de fluides, mais elle peut in-
fluencer la résistance mécanique du matériau en créant des zones de contraintes. En outre,
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la "porosité effective" ou "porosité ouverte", notée n [−] se rapporte aux pores qui sont inter-
connectés et permettent le passage de substances à travers le matériau. D’un point de vue
macroscopique, Elle est définie par :

n = V v

V
, (1.1)

où V v [m3] désigne le volume des pores ouverts. Cette définition est valable pour des volumes
apparents supérieurs au volume élémentaire représentatif (VER) (voir Figure 1.2). Celui-ci est
défini à travers l’évolution de la porosité en fonction du volume du matériau. Il représente le
volume minimal à partir duquel la porosité ne varie plus. Il réduit la complexité des structures
poreuses en les ramenant à une échelle représentative du caractère macroscopique du matériau.
Par exemple, la porosité des roches sédimentaires est mesurée moyennant l’utilisation d’un vo-
lume cubique de quelques centimètres de côtés. Pour les matériaux composites de construction,
le VER dépend de la nature des fibres et de la matrice. Son ordre de grandeur est situé sur une
échelle de quelques centimètres cubes [13].

1.2.2 Surface spécifique

La surface spécifique A [m−1] d’un milieu est définie comme la surface d’interface moyenne
par unité de volume :

A = S

V
, (1.2)

où S [m2] est la surface d’interface solide/fluide à l’intérieur du volume apparent du matériau
V [m3] (voir Figure 1.3). Il existe plusieurs méthodes de mesure de cette propriété [14]. Voici
une brève description de certaines de ces méthodes.

Figure 1.3 – Schéma descriptif en 2D de la surface spécifique d’un milieu poreux.

Une première approche repose sur l’adsorption de la phase gazeuse par la surface solide de
la matrice. La surface est déterminée en mesurant la quantité de gaz adsorbée, en supposant
que le gaz recouvre intégralement la surface sous forme d’une couche monomoléculaire. Une
deuxième méthode est basée sur la chaleur d’humidification. Elle consiste à calculer la surface
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à partir de la chaleur humide générée lorsque le milieu est immergé dans un liquide [15]. Plus
loin, une autre méthode basée sur l’écoulement des fluides a été développée par Kozeny et
modifiée par la suite. Cette méthode établit une relation entre la perméabilité d’un milieu et sa
surface spécifique. En l’utilisant, il est possible de déduire la surface spécifique en mesurant la
perméabilité. D’après [16], Brooks et Purcell (1952) ont comparé la surface spécifique obtenue
à partir de l’équation de Kozeny avec d’autres méthodes.

1.2.3 Connectivité

C’est un paramètre qui mesure le degré de connexion entre les pores. Sur cette base, les
réseaux poreux ouverts et fermés sont distingués. La connectivité peut être adoptée davantage
pour identifier les chemins traversés dans une structure poreuse lors d’un écoulement de fluide.
Dans la littérature, Dallien et al. [17] définissent cette propriété comme le plus grand nombre
de branches du réseau qui peuvent être coupées sans créer des parties indépendantes.

1.2.4 Tortuosité

La tortuosité T H a été introduite pour la première fois par Carman (1937) pour désigner
une direction particulière associée à un écoulement macroscopique donné. Elle a été précisément
définie comme le carré du rapport entre la distance moyenne effective L e et la distance la plus
courte L mesurée le long de cette direction particulière :

T H =
(

L e

L

)2
. (1.3)

Dans le contexte de la perméabilité des milieux poreux, la tortuosité mesure la déviation ou
la courbure du chemin que doit emprunter un fluide pour se déplacer à travers les pores d’un
matériau (voir Figure 1.4). Plus la tortuosité est élevée, plus le chemin est complexe, ce qui
peut entraîner une résistance accrue à l’écoulement du fluide. La tortuosité est un paramètre
important pour décrire la perméabilité des matériaux poreux.

Figure 1.4 – Tortuosité d’un réseau poreux.

15



1.2.5 Perméabilité intrinsèque

k [m2] est dite perméabilité (ou perméabilité intrinsèque) de la matrice poreuse. Elle dépend
uniquement des propriétés géométriques du milieu poreux. Diverses formules sont décrites dans
la littérature, liant la perméabilité aux différentes propriétés de la matrice. Certaines de ces
formules sont purement empiriques, comme par exemple la formule (1.4) illustrée par la Figure
1.5 où k en cm2 est fonction du diamètre moyen (ou effectif) des grains en µm.

k = 0.617 × 10−11 d2 . (1.4)

Figure 1.5 – La variation de la perméabilité intrinsèque en fonction du diamètre des grains
du sable [18].

Un autre exemple est la formule de Fair et Hatch (1933) [19] développée sur la base de
données dimensionnelles et vérifiée par l’expérience. Elle est donnée par l’équation suivante :

k = 1
m

 (1 − n)2

n3

(
α

100
∑ P

d m

)2
−1

, (1.5)

où m [−] est un facteur de tassement, estimé expérimentalement à environ 5, α [−] est un facteur
relatif à la géométrie des grains du sable, variant de 6 pour les grains sphériques à 7.7 pour les
grains anguleux. P [−] est le pourcentage de sable retenu entre les tamis adjacents et d m [m]
est la moyenne géométrique des calibres des tamis adjacents. D’autres formules sont obtenues
à partir de la dérivation de la loi de Darcy. Les plus connues sont l’équation de Kozeny (1.6) et
celle de Kozeny-Carman [20] (1.7).

k = c 0
n3

A 2 , (1.6)

k = 1
5 A 2

s

n 3

( 1 − n ) 2 . (1.7)

A et A s [m−1] sont les surfaces spécifiques en considérant respectivement le volume apparent
du milieu poreux et celui de la matrice solide. En plus, l’équation (1.6) introduit un coefficient
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empirique c 0 [−], c’est une formule semi-empirique. Dans ce cas, ce coefficient est déterminé via
l’expérience et dépend de la géométrie du réseau poreux ouvert. Par exemple, c 0 = 0.5 pour
un cercle, c 0 = 0.562 pour un carré, c 0 = 0.597 pour un triangle équilatéral. Les différentes
formules citées ont la forme générale suivante :

k = f 1 ( s ) f 2 ( n ) d2 , (1.8)
où s est un paramètre adimensionnel qui reflète la forme des grains (ou des pores), f 1 [−] est
ainsi nommé facteur de forme, f 2 [−] est appelé facteur de porosité et d [m] est le diamètre
effectif des grains. Selon l’étude considérée, le choix du diamètre d est relatif où la grandeur d 10
peut être adoptée. Si la perméabilité dépend de l’espace, le milieu poreux est dit hétérogène.
Par ailleurs, le milieu est considéré anisotrope si la perméabilité dépend de la direction d’écou-
lement. Dans certaines conditions, la perméabilité est susceptible de varier dans le temps. Cette
modification est généralement induite par des charges externes qui engendrent des contraintes
internes, modifiant la structure de la matrice poreuse. Il est important de noter que les formules
analytiques de la perméabilité intrinsèque sont établies en fixant des hypothèses sur la géomé-
trie du milieu poreux. Par exemple, l’équation (1.6) est obtenue en considérant le milieu un
bloc géométrique régulier. Particulièrement, le bloc de sphères est un modèle empirique pour
la représentation d’un réseau poreux et est donné pour c 0 = 0.5. Ce modèle a été initialement
abordé pour étudier les écoulements de fluides dans les milieux poreux [21, 22]. La Figure 1.6
illustre l’exemple d’un regroupement de sphères.

Finalement, la connaissance des propriétés intrinsèques d’un matériau poreux ainsi que sa
composition permettent d’évaluer ses propriétés thermiques et hydriques. En particulier, la po-
rosité sera utilisé pour définir des corrélations avec les propriétés du transfert de chaleur et
d’humidité lors du cinquième chapitre. Dans cette perspective, la prochaine section définit les
propriétés liées à ces modes de transfert. En général, ces propriétés dépendent de la microstruc-
ture, la température et la teneur en eau. En outre, les méthodes courantes de mesure de chaque
propriété sont décrites.

Figure 1.6 – Modélisation du milieu poreux sous forme de bloc de sphères [23].
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2 Caractéristiques thermiques et hydriques

2.1 Conductivité thermique
La conductivité thermique est une quantité introduite dès 1822 via la loi de Fourier . Elle

traduit la capacité d’un matériau à conduire la chaleur. La conductivité thermique, exprimée
en W.m−1.K−1, est le flux de chaleur à travers une unité de surface d’un matériau homogène
ayant une épaisseur de 1 m, induit par une différence de température de 1 K entre ses deux
surfaces. Pour la mesure, nous distinguons les méthodes suivantes.

(a) Plaque chaude gardée. (b) Fil chauffant.

Figure 1.7 – Illustration de deux protocoles expérimentaux pour la mesure de conductivité
thermique.

L’essai de la plaque chaude gardée [24] est basé sur l’utilisation d’un échantillon et une puissance
thermique grâce à un plan chaud. Les pertes de chaleur sont minimisées grâce à la présence
d’une zone de garde comme illustré par la Figure 1.7a. Cet essai est réalisé en conformité
avec la norme ISO 8302 : 1901 − NF EN 12667 . La méthode du fil chaud [25] peut également
être utilisée pour mesurer la conductivité thermique d’un matériau. Conformément à la norme
EN ISO 8894 − 1 , cette méthode est basée sur le principe de la puissance électrique dissipée
par un fil chauffé (Figure 1.7b) et sa relation avec la conductivité thermique. Par ailleurs, la
méthode du "Hot Disk" (disque chaud) en est de même une technique de mesure. Elle est basée
sur le principe de la méthode du fil chaud, mais utilise un disque chauffant plutôt qu’un fil pour
générer un flux de chaleur à travers l’échantillon. Elle est basée sur la norme ISO 22007 − 2 .
Finalement, cette propriété dépend de l’état thermique et hydrique du matériau.

2.2 Chaleur spécifique
La chaleur spécifique est une propriété importante dans de nombreux domaines de la science

et de l’ingénierie, notamment pour la conception de systèmes de chauffage et de refroidissement,
le calcul des besoins énergétiques. En transfert de chaleur, la chaleur spécifique d’un matériau,
exprimée en J.kg−1.K−1, est la capacité d’un matériau à stocker ou restituer la chaleur. La
valeur de la chaleur spécifique dépend du type de matériau considéré, de sa composition chi-
mique et de sa structure moléculaire. La méthode de la calorimétrie différentielle à balayage
(DSC) [26] est une technique qui mesure les différences de chaleur absorbée ou libérée par un
matériau lorsqu’il est soumis à un chauffage ou un refroidissement contrôlé. Cette propriété
est déterminée en mesurant la différence de chaleur entre l’échantillon et une référence. Cette
méthode est conforme à la norme ISO 11357 − 4 . Une seconde technique appelée analyse ther-
mogravimétrique (ATG), mesure les changements de masse d’un matériau lorsqu’il est soumis
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à un chauffage ou un refroidissement contrôlé. En utilisant cette méthode, la chaleur spécifique
peut être évaluée en quantifiant la perte ou le gain de masse en fonction de la température.
Finalement, la chaleur spécifique est mesurée avec une bonne précision via le calorimètre Cal-
vet [27, 28]. Ce dispositif réalise une analyse 3D grâce à un réseau de thermocouples entourant
entièrement l’échantillon. Il est particulièrement utile pour étudier les changements de phase
tels que la fusion, la solidification, la vaporisation et la condensation.

2.3 Perméabilité à la vapeur d’eau
La perméabilité à la vapeur d’eau d’un matériau, exprimée en s, caractérise la capacité d’un

matériau à laisser passer la vapeur d’eau. Sa mesure est basée sur la quantité de vapeur qui
traverse le matériau par unité de surface, d’épaisseur et de temps sous un gradient de 1 Pa de
pression de vapeur.

Figure 1.8 – Descriptif de la méthode automatisée de la coupelle moyennant le recours au
dispositif Gintronic Gravitest [28].

La perméabilité à la vapeur d’eau dépend des propriétés intrinsèques du matériau, telles que
sa structure moléculaire, sa porosité et sa densité. Elle peut également être influencée par des
facteurs tels que la température et l’humidité relative. La méthode de la coupelle gravimétrique
[29], est l’une des méthodes couramment utilisées pour mesurer la perméabilité à la vapeur
d’eau d’un matériau. Cette méthode est basée sur l’utilisation de solutions salines (Figure 1.8)
afin de contrôler l’humidité relative d’un côté du matériau. La mesure de cette propriété est
obtenue grâce au suivi de masse de l’échantillon jusqu’à l’atteinte de l’équilibre. Il est important
de noter que la méthode de la coupelle fournit une mesure de la perméabilité à la vapeur d’eau
suivant une seule direction de transfert. De plus, cette méthode doit être réalisée conformément
à des normes spécifiques, à savoir NF EN ISO 12572 ou encore ISO 1663 .

2.4 Isotherme d’adsorption et de désorption
Un isotherme d’adsorption ou de désorption représente la variation de la teneur en eau du

matériau en fonction de l’humidité relative de l’air ambiant à température constante. Nous
parlons d’adsorption si le matériau est initialement sec (humidification) et désorption s’il est
saturé (déshumidification). Les deux courbes présentent généralement des différences en raison
de l’irréversibilité du processus, ce phénomène est l’hystérésis. Quant à la démarche expérimen-
tale, les méthodes volumétrique et gravimétrique sont adoptées. Pour la méthode gravimétrique,
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deux types d’essais sont considérés. Le premier fait intervenir de l’air à l’état statique [30] alors
que le deuxième considère un débit constant d’air. Dans le premier cas, une éprouvette préa-
lablement séchée et pesée est exposée à une ambiance constante de température et d’humidité
relative afin de mesurer sa variation de masse jusqu’à atteindre un état d’équilibre. Ce processus
est répété en augmentant progressivement l’humidité relative (adsorption) ou en la diminuant
(désorption).

Figure 1.9 – La classification des isothermes d’adsorption [Sing et al. 1985]

A l’issue de ce processus, les courbes d’adsorption-désorption sont obtenues moyennant les
données expérimentales de la teneur en eau du matériau en fonction de l’humidité relative
extérieure. Pour réaliser cet essai, des solutions salines ou une enceinte climatique contrôlée en
termes de température et d’humidité relative sont employés. La méthode gravimétrique suit
la norme NF EN ISO standard 12572 . Des dispositifs expérimentaux comme le DVS (dynamic
vapor sorption) et le VSA (vapor sorption analyser) sont basés sur cette méthode avec un
processus automatisé. L’essai dynamique consiste à exposer le matériau à un courant d’air
constant en température et humidité relative. De même, l’équilibre est atteint quand la masse
du matériau ne varie plus. Cet essai est plus rapide, ne dure que quelques heures mais demeure
imprécis. Mis à part de l’approche gravimétrique, la méthode volumétrique vise à mesurer le
volume de vapeur d’eau adsorbé ou restitué par l’échantillon. Ce dernier est positionné dans
une ambiance contrôlée où une quantité de vapeur est injecté. L’évaluation du volume de
vapeur passe par l’utilisation de la loi des gaz parfaits et le suivi de variation de pression de
l’ambiance jusqu’à l’équilibre. Cette méthode requiert moins de temps d’essai en raison des
faibles dimensions d’échantillons et des débits dynamiques de vapeur d’eau. Le BELSORP
Aqua3 représente un dispositif qui évalue les phases adsorption-désorption en recourant à la
méthode volumétrique.

2.5 Valeur tampon d’humidité (MBV)
La valeur tampon d’humidité (MBV) est un indicateur utilisé pour caractériser la capa-

cité de régulation d’humidité des matériaux de construction. Elle est définie par la variation
de la masse d’eau par rapport à une unité de surface et d’humidité relative. Son unité est

20



g.m−2.%−1. Le pouvoir tampon d’un matériau représente sa capacité à absorber ou à libérer
l’humidité. Il renseigne sur le degré de modération du matériau vis-à-vis des variations d’humi-
dité à l’intérieur d’un bâtiment. Un bon régulateur d’humidité absorbe l’excès d’humidité de
l’air ambiant lorsque celui-ci est trop chargé, et libère cette humidité lorsque l’air est trop sec.
Pour ce test, aucune norme n’existe encore, cependant le projet NORDTEST [31] propose un
protocole d’essai normalisé et suggère la classification résumée dans le tableau 1.1.

Table 1.1 – Classes des valeurs tampons d’humidité

Classe MBV Valeur minimale Valeur maximale
Negligible 0 0.2
Limited 0.2 0.5

Moderate 0.5 1
Good 1 2

Excellent 2 −

Grâce à cette partie, les propriétés du transfert thermo-hydrique sont présentées. De plus,
les méthodes de caractérisation les plus répandues ont été décrites en introduisant quelques
dispositifs de mesure. Durant cette thèse, certains équipements seront employés pour l’évalua-
tion des propriétés de transfert, notamment la conductivité thermique et la perméabilité à la
vapeur. Les mesures effectuées seront dans le cadre d’une investigation expérimentale portant
sur le vieillissement du béton de chanvre. Ce matériau est biosourcé et constituera notre choix
d’application en raison de la sensibilité de sa microstructure vis-à-vis des sollicitations clima-
tiques extérieurs. A ce propos, la prochaine partie définit ce type de matériaux. Également,
leurs avantages sont discutés vis-à-vis du contexte actuel. Au final, les caractéristiques de ces
matériaux sont mis en évidence via quelques résultats sur différentes sources végétales.

3 Les matériaux biosourcés

3.1 Définition
Un matériau de construction est dit biosourcé quand il intègre de la matière végétale ou

animale. La matière végétale est d’origine biologique [32, 33]. Elle est issue en grande partie de
ressources renouvelables et utilise principalement des dérivés d’agriculture. Contrairement aux
matériaux traditionnels d’isolation (laine de verre, laine de roche ...), les matériaux biosourcés
se caractérisent par un comportement hygroscopique, réunissant une perméabilité élevée à la
vapeur d’eau et un bon indicateur MBV [34, 35].

3.2 Contexte actuel
Les matériaux biosourcés sont renouvelables, répandus sur la planète sous diverses formes,

facilement accessibles, adaptés aux besoins d’utilisation, poreux et recyclables. Ces caracté-
ristiques ont favorisé la croissance récente de la bio-économie, qui implique l’utilisation de ces
matériaux [36]. A présent, les matériaux biosourcés sont employés dans nombreuses applications
de construction, en tant qu’élément porteur, enduit ou isolant [37, 38]. Selon la formulation uti-
lisée, la structure de ces matériaux peut varier [39, 40]. De plus, les fibres végétales peuvent
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être ajoutées à des liants et utilisées dans la construction de manière à garantir des caractéris-
tiques particulières thermiques, hydriques ou structurelles. Le comportement du béton à base
de fibres végétales est principalement gouverné par la quantité de fibres constituant le maté-
riau. A cet égard, il a été démontré que l’augmentation de cette teneur augmente la porosité,
le pouvoir tampon d’humidité et la teneur maximale en eau absorbée. En revanche, la densité,
la conductivité thermique et la résistance à la compression sont réduites [41, 42]. Mis à part
des propriétés thermiques et hydriques, Il est aussi important de garantir un environnement
intérieur confortable. Les matériaux de construction affectent l’environnement intérieur [43].
En effet, les propriétés physiques des surfaces intérieures de parois contribuent en partie à la
qualité de l’air intérieur. Par exemple, le bois absorbe et relâche l’humidité, modulant ainsi les
variations quotidiennes d’humidité et de température.

3.3 Exemples de matériaux biosourcés
3.3.1 Bois

Le bois est utilisé comme matériau de construction à travers le monde depuis des milliers
d’années. Les propriétés chimiques du bois sont complexes par nature, cependant, ses caractéris-
tiques [44] sont exploitées pour construire une variété de structures. Les propriétés thermiques
et hydriques du bois sont évalués à l’échelle macroscopique. À ce titre, les résultats de mesure
de la conductivité thermique, la diffusivité de la vapeur et les isothermes de sorption sont pré-
sentés [45] pour trois types de matériaux à base de bois. Le premier est un panneau isolant en
fibres de bois, dont la densité a été évaluée à 150 kg.m−3. En outre, deux panneaux d’épaisseur
différente sont testés. Le deuxième matériau est constitué de panneaux de lamelles orientées
(OSB). Ils sont composés de coupeaux de bois et assemblés avec la résine. Avec une densité de
600 kg.m−3, ce matériau a été également examiné selon deux épaisseurs différentes. Le troisième
matériau est constitué du bois massif (NRW), ces propriétés sont déterminées suivant le plan
longitudinal et tangentiel. La mesure des isothermes d’adsorption et de désorption confirment la
forme des courbes liée au bois [46]. Les valeurs élevées de la teneur en eau mettent en évidence
le caractère hygroscopique des matériaux à base de bois par rapport au béton [47].

En ce qui concerne la conductivité thermique, les valeurs obtenues représentent des moyennes
sur 5 essais. À l’état sec, la fibre de bois présente la conductivité thermique la plus faible,
soit environ 45 mW.m−1.K−1, suivie du bois massif avec 80 mW.m−1.K−1 et de l’OSB avec
95 mW.m−1.K−1. D’après la littérature, ces valeurs sont bien inférieures à celles d’autres maté-
riaux de construction tels que 0.5 W.m−1.K−1 pour les briques et 1.75 W.m−1.K−1 pour le béton
[48]. Par ailleurs, la conductivité thermique augmente avec la température et la teneur en eau
des matériaux étudiés. Une variation linéaire a été constatée en fonction de la température,
contrairement à la variation en fonction de la teneur en eau. Enfin, l’étude expose les résultats
relatifs aux valeurs de la résistance à la diffusion et l’épaisseur de la couche d’air équivalente.
Parmi les matériaux étudiés, la fibre de bois est la plus perméable à la vapeur d’eau avec une
valeur maximale de 8.3 10−11 s. Par ailleurs, la perméabilité à la vapeur d’eau est plus élevée
pour l’essai de la coupelle humide et est proportionnelle à la teneur en eau du matériau.
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3.3.2 Paille

La paille est obtenue en plaçant la récolte dans un procédé qui élimine les grains et la
balle. Sa structure consiste en des tubes résistants. La cellulose, la lignine et la silice confèrent
à la paille une grande résistance à la flexion et à la traction. Les pailles de riz, d’orge et de
blé (Figure 1.10a) sont souvent des restes de matériaux et peuvent donc être exploitées en
tant qu’isolant pour produire différents matériaux. Ceci est dû à une structure interne creuse
caractérisée par une faible densité et une bonne performance thermique [49, 50]. En outre,
la transformation des olives engendre plusieurs coproduits. Il s’agit d’un mélange de particules
ligneuses, de petites branches et de feuilles. Ces résidus sont abondants et renouvelables. Dans le
cadre d’une investigation [51], les propriétés thermiques, hydriques et acoustiques de panneaux,
à base de liant de silicate de sodium et contenant des fibres de paille et d’olive, ont été étudiées.
Ainsi, la valeur de le porosité mesurée est de 0.9 et 0.85 respectivement pour les matériaux à
base de paille et d’olives. Quant aux propriétés hydriques, le facteur de résistance à la diffusion
de la vapeur d’eau a été mesuré. Les observations expérimentales ont révélé que le matériau à
base de paille est plus perméable à la vapeur avec un coefficient de résistance de 2.59 contre 5.35
pour les composites de fibres d’olive. Les isothermes d’adsorption ont également été analysés.
Selon les recommandations de l’IUPAC, ”International Union of Pure and Applied Chemistry”,
ces formes sont regroupées suivant six catégories comme indiqué dans la figure 1.9 et celle
du matériau correspond à l’isotherme de type 2. En outre, les valeurs expérimentales ont été
ajustées en utilisant le modèle GAB [52]. En comparant les deux matériaux, la paille absorbe
plus d’eau que les fibres d’olives, en particulier dans la zone capillaire.

(a) (b)

Figure 1.10 – Illustration des fibres de paille de blé (a) et des anas de chanvre (b).

Par ailleurs, les composites étudiés sont qualifiés d’excellents régulateurs d’humidité par
rapport aux mesures du tampon d’humidité. Toutefois, le matériau à base de paille fournit
une valeur plus élevée d’environ 5.05. Parallèlement, la performance thermique a été évaluée
en effectuant des tests de conductivité thermique. Des valeurs similaires ont été obtenues pour
les deux matériaux, avec une valeur légèrement inférieure pour la paille. Cela peut être lié à
la valeur élevée de 0.9 de la porosité apparente de ce composite. Enfin, l’étude s’achève avec
la détermination des propriétés acoustiques. Les mesures de résistivité acoustique ont donné
les valeurs de 9.5 et 18 kPa.s.m−2 respectivement pour les matériaux à base de paille et d’olive.
D’autres caractéristiques ont montré que ces matériaux pourraient servir, en particulier pour
des couches plus épaisses, à remplacer avantageusement les matériaux d’absorption acoustiques
traditionnels.
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3.3.3 Chanvre

Le chanvre a une longue histoire en tant que plante et une variété utilisée dans un nombre
d’industries. L’utilisation du chanvre comme matériau de construction a été progressivement
étendue de l’Europe vers d’autres continents. En outre, l’application de ce matériau naturel
ne cesse d’augmenter dans les nouvelles constructions. De nombreuses études ont porté sur
l’utilisation de la chènevotte (Figure 1.10b) dans la production de composites, principalement
le béton de chanvre [53, 54]. Outre l’utilisation de la chaux, d’autres produits pourraient être
une alternative de liant. A ce propos, [55] se concentre sur le développement de composites
bio-sourcés résistants à l’eau avec des performances hydriques et thermiques améliorées pour
des applications de construction. Les composites ont été élaborés à partir d’une matrice à base
d’amidon ou de silice, tandis que des anas de chanvre ont été utilisés comme agrégats. Trois
types de composites ont été obtenus. Le premier utilise un procédé assez simple impliquant le
mélange d’anas de chanvre avec un liant à base de silice. Les composites C 2 et C 3 utilisent
un liant à base d’amidon qui durci à l’aide d’une presse thermique. En revanche, un traite-
ment hydrophobe a été appliqué à la chènevotte dans le deuxième composite. Premièrement,
la perméabilité à la vapeur a été obtenue pour les méthodes de la coupelle humide et sèche en
utilisant une solution saline et des billes de silice. Les résultats ont révélé que les composites
C 1 et C 2 étaient les plus perméables au cours des tests de coupelle sèche et humide, respecti-
vement. Par ailleurs, les variations d’humidité dans les espaces intérieurs d’un bâtiment sont
en partie dues à la capacité des matériaux à stocker ou restituer l’humidité. À cet égard, cette
caractéristique a été mesurée en confrontant les composites aux paliers d’humidité relative 33 %
et 75 %, comme le propose le projet NORDTEST. Selon la classification relative aux valeurs
des tampons hydriques, les matériaux ont montré une excellente capacité, étant donné que les
valeurs obtenues sont supérieures à 2.

En outre, l’absorption d’eau a été évaluée d’après la norme EN 1609-2013. Le composite C 2,
ayant subi un traitement hydrophobe, représentait le matériau le moins absorbant. Les proprié-
tés thermiques ont également été analysées à l’aide d’un système de mesure dynamique (flux-
métrique). La valeur de la conductivité thermique est comprise entre 0.051 et 0.058 W.m−1.K−1

tandis que la capacité thermique spécifique entre 760 et 1050 J.kg−1.K−1. Enfin, le comportement
mécanique des composites a été analysé à l’aide d’expériences de résistance à la compression. En
général, les matériaux ont de bonnes performances mécaniques. Ils ont atteint une contrainte
de compression comprise entre 0.49 et 1.05 MPa. La rupture n’a pas été atteinte même à 60 %
de déformation. Ceci pourrait être lié à une bonne adhérence entre les agrégats et les liants.

4 Vieillissement
D’après la section précédente, les matériaux biosourcés présentent des avantages qui se

résument à une bonne isolation thermique, une excellente régulation d’humidité et un faible
impact environnemental. Cependant, ils sont fortement sensibles aux variations de température
et d’humidité. Ceci entraîne l’évolution de la microstructure du matériau biosourcé. Connu sous
le terme de vieillissement, ce phénomène se traduit par la variation des différentes propriétés,
notamment celles liée au transfert de chaleur et d’humidité. Dans un premier lieu, cette section
résume les différents types du vieillissement qui sont fréquemment abordés dans la littérature.
Ensuite, nous repérons les principaux protocoles expérimentaux qui sont développés pour étu-
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dier ce phénomène. Pour différents matériaux, les résultats rapportés montrent que les effets du
vieillissement sont notables et spécifiques au type d’essai proposé. L’impact de chaque protocole
de vieillissement est mis en évidence en illustrant l’évolution des propriétés du matériau. Entre
autres, nous nous intéressons à la variation des propriétés du transfert de chaleur et d’humidité
due au vieillissement thermo-hydrique.

4.1 Définition
Le vieillissement est un phénomène de détérioration qui se produit naturellement au fil du

temps. En biologie, le vieillissement est défini par les changements physiologiques progressifs
d’un organisme qui conduisent au recul des fonctions biologiques et de la capacité d’adapta-
tion au stress métabolique. Dans le domaine de la construction, le vieillissement d’un matériau
se traduit par l’évolution des propriétés intrinsèques en fonction du temps. Ces changements
peuvent engendrer des fissures, création de nouveaux pores, le gonflement et le rétrécissement
des pores existants. Le vieillissement est induit par une longue exposition d’un matériau à
des sollicitations climatiques. Au laboratoire, des essais accélérés sont effectués pour mesurer
l’évolution de la microstructure et les propriétés intrinsèques des matériaux sous des conditions
climatiques extrêmes. Ces essais consistent en des cycles successifs de sollicitations thermiques
et hydriques. La température et les radiations ultraviolets sont adoptés pour modéliser les sol-
licitations thermiques induisant un séchage des matériaux. Pour les sollicitations hydriques,
des cycles d’humidification et d’imbibition sont considérés. La littérature fait état de différents
types de vieillissement.

Premièrement, nous distinguons l’effet du rayonnement. Dans ce cadre, les tests les plus
courants étudient le processus de vieillissement des matériaux lors de leur exposition aux ra-
diations ultraviolets en quantités contrôlées. Ces essais sont également réalisés pour évaluer
les effets des rayonnements ionisants tels que les rayons X et gamma. Un vieillissement peut
être entraîné par des variations de température. Cela consiste à placer les matériaux dans des
chambres climatiques pour des températures constantes ou variables. S’ensuit les essais d’hu-
midité qui mesurent l’action corrosive de l’eau en tenant compte de facteurs pertinents tels que
l’humidité relative de l’air et sa salinité. Plus loin, des gaz polluants peuvent être à l’origine du
vieillissement d’un matériau. Il existe des essais qui analysent l’effet des gaz présents dans l’en-
vironnement, y compris ceux générés par la pollution dans les villes. Nous distinguons l’ozone,
le dichlore et d’autres gaz corrosifs tels que le sulfure d’hydrogène, le dioxyde de soufre ou le
dioxyde d’azote. Finalement, la présence des ions corrosifs dans les milieux marins peut infliger
des dégâts. Pour investiguer ces détériorations, les essais consistent à placer les échantillons
dans une solution chargée d’ions agressifs. Ils sont responsables de la corrosion des matériaux
incorporant des armatures ferreuses.

D’après la littérature, l’étude du vieillissement, moyennant ces essais accélérés, révèle le
degré de résistance d’un matériau. Ainsi, ceci peut contribuer à la prédiction de ses indicateurs
de durabilité et ses performances énergétiques dans le temps. La section suivante sera dédiée
à un état de l’art du vieillissement. Elle met en évidence l’effet de certains essais sur des
matériaux de construction. L’analyse des travaux précédents montre que le vieillissement est
considérablement investigué en considérant les essais suivants. Les premiers consistent en des
variations de température, les deuxièmes reposent sur l’utilisation des gaz polluants et les
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derniers combinent des sollicitations de chaleur (température et/ou rayonnement ultraviolet)
et d’humidité (eau sous la forme vapeur et/ou liquide). Ce choix est justifié par rapport à la
grande quantité des travaux qui s’intéressent à l’étude de ces types de vieillissement.

4.2 Effets de la variation de température
Des changements microscopiques peuvent se produire dans les matériaux lorsque ces der-

niers sont exposés à des cycles de variation de température [56]. L’intensité du cycle et le temps
d’exposition peuvent affecter la vitesse d’évolution de la microstructure. Dans ce sens, les ma-
tériaux se dégradent lorsqu’ils sont exposés à des températures élevées pendant une longue
période. La littérature fait état de l’existence de différents cycles thermiques. Ces derniers dif-
fèrent en termes d’intensité et de durée. Dans cette optique, les résultats de deux travaux de
recherche sont proposés. D’après [57], les auteurs déterminent l’effet du vieillissement, tel que
défini dans la norme européenne EN 14066, sur quatre types de granites de construction. Le
protocole de vieillissement consiste en 42 cycles thermiques où les températures appliquées va-
rient entre 20 et 105 ◦C. Un cycle consiste à exposer des échantillons à 105 ◦C pendant 18 h et
ensuite les refroidir à 20 ◦C pendant 6 h. L’effet des cycles est mis en évidence sur les propriétés
physiques et celles liées à la surface des pierres de construction sélectionnées. Les observations
ont révélé que la densité apparente et la porosité sont affectées. Cependant, les variations de
densité sont négligeables. Quant à la porosité, les valeurs initiales se situaient entre 0.71 % et
1.72 %. Cette quantité a peu varié pour chaque matériau, à l’exception du CO dont la porosité
est passée de 0.71 % à 4.2 %. Par ailleurs, la vitesse de propagation des ultrasons a été mesurée
pour les trois directions de l’espace. A cet égard, les valeurs moyennes sont retenues pour la
comparaison. L’exposition aux cycles de température induisait une baisse de vitesse dans les
quatre matériaux. Ceci est la conséquence de l’augmentation de porosité. En outre, la résis-
tance mécanique a été mesurée à travers le module dynamique de Young. Elle diminue après 42
cycles avec un écart maximum de 13 %. À l’échelle microscopique, la distribution du diamètre
des pores a été analysée en effectuant des tests de porosimétrie par intrusion de mercure. Les
cycles accélérés n’affectent pas seulement la porosité, la microstructure est également modifiée.
Enfin, des micro-fissures sont créées suite à la variation de température. Ceux-ci contribuent en
partie à l’augmentation de la porosité ouverte des matériaux. La densité des fissures linéaires a
été étudiée au moyen d’une fractographie. Les échantillons ZA ont marqué la fin de l’essai avec
le plus grand nombre de microfissures où la valeur de densité linéaire des fissures a atteint 2.5.

Par ailleurs, l’effet du vieillissement thermique sur le béton à haute performance (HPC)
a été évalué en analysant les propriétés mécaniques et l’absorption capillaire de l’eau tout en
tenant compte des changements micro-structuraux [58]. Dans la formulation, un sable de ri-
vière est utilisé comme agrégat fin et deux agrégats grossiers différents sont considérés avec les
propriétés de mélange 40 % et 60 %. Ainsi, deux types de béton, désignés HPC40 et HPC60,
ont été obtenus. Après la période de durcissement, les échantillons ont subi une série de cycles
thermiques. A cet égard, ils sont laissés à la même température pendant 5 heures, puis refroidis
dans une chambre climatique pendant 1 heure afin d’atteindre 20 ◦C. Ce cycle est répété 135
fois. Des mesures de la résistance à la compression, la résistance à la traction et le module
d’élasticité ont été effectuées. Une diminution globale des propriétés mécaniques est consta-
tée. Ceci peut être lié à la fragilisation de la microstructure suite aux chocs thermiques. En
outre, l’influence des cycles thermiques sur le transport d’eau au sein des matériaux est ca-
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ractérisée via des expériences d’absorption capillaire [59]. Une augmentation de teneur en eau
commence après 480 min d’immersion et est plus significative en fonction du nombre des cycles
thermiques. En outre, la variation de la teneur en eau du HPC60 est pratiquement deux fois
plus grande que celle du HPC40. D’après les résultats, le comportement mécanique et hydrique
du béton HPC60 change majoritairement, et est la conséquence d’une détérioration plus ai-
guë. Ce résultat est confirmé suite à la comparaison des observations microscopiques des deux
types de béton. La longueur, la largeur et la quantité de microfissures dans le HPC60 sont plus
marquantes. L’existence des fissures induit une diminution plus importante de la résistance mé-
canique. Ceci améliorent également la cinétique d’absorption et augmentent la quantité d’eau
absorbée. La rigidité supérieure du béton HPC60 induit une dégradation plus significative face
aux sollicitations thermiques imposées.

4.3 Gaz polluants
Les principaux polluants qui altèrent les matériaux sont le dioxyde de soufre, les sulfates,

les oxydes d’azote, les nitrates, les chlorures, le dioxyde de carbone et l’ozone. Les matériaux
les plus sensibles aux polluants sont les matériaux de construction calciques et les autres ar-
més. Les dégradations comprennent une perte de masse, une modification de la porosité, une
décoloration, une fragilisation et une variation des propriétés optiques de la surface. En cas d’at-
mosphères pollués, les dégâts subis par les matériaux peuvent être associés à des dépôts secs
ou humides de contaminants, ou à des dissolutions lors des précipitations. Parmi les matériaux
endommagés, nous retrouvons la pierre, le béton et le bois. Un nombre important de contribu-
tions portent sur les mécanismes d’attaque des pierres par des polluants [60, 61]. Concernant le
béton, il a été confirmé, selon [62], que le dioxyde de carbone est le principal gaz atmosphérique
responsable de l’endommagement du béton. De plus, un léger effet est attribué au dioxyde de
soufre et aux oxydes d’azote. Néanmoins, les auteurs de l’étude [63] ont suggéré que de fortes
concentrations de dioxyde de soufre, d’oxydes d’azote et de chlorure d’hydrogène pourraient
accélérer les dégâts. Étant donné que les concentrations atmosphériques de CO 2 sont beaucoup
plus élevées que celles de SO 2, la carbonatation est la principale forme de détérioration du
béton. Hormis la dégradation biologique, les principaux facteurs du déclin atmosphérique du
bois sont les rayons ultraviolets, l’humidité et l’ozone. L’acidité peut conduire au phénomène
d’hydrolyse du constituant cellulosique ou à des augmentations mineures des taux d’altération.
Par ailleurs, le dioxyde de soufre et les oxydes d’azote peuvent entraîner l’oxydation et la rup-
ture de la structure de la cellulose [64]. Cela qui peut entraîner une perte de performances
mécaniques.

Afin de mettre en évidence les effets des gaz polluants, nous exposons les résultats d’une
étude récente [65]. Elle examine la dégradation due au climat acide des pierres de construction
naturelles et artificielles. L’objectif est l’évaluation des effets de composés azotés et soufrés sur
quatre pierres différents. Les deux premières, la pierre de Courville (Cv) et celle Bajocienne
(Bj), sont fortement employées dans la construction et ont été extraites à l’état frais pour cette
étude. Les deux dernières, la pierre de Savonnières (Sv) et la pierre reconstituée (Rs), sont dé-
diées aux bâtiments patrimoniaux et utilisées pour la réhabilitation. Ces quatre types de pierre
ont été soumises à deux conditions climatiques différentes. Dans chaque cas, les échantillons
sont exposés aux gaz produits par une solution acide et volatile mélangée. Une première solution
chimique, notée (S>N), assure un rapport gazeux SO 2/NO x de 4, tandis que la seconde (S<N),
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garantit un rapport gazeux de 1/3. Ces quantités ont été fixées sur la base de mesures clima-
tiques. Les valeurs 4 et 1/3 font référence respectivement au ratios SO 2/NO x entre le passé et
le présent. En outre, ces tests ont été réalisé pendant 28 jours. Pour évaluer l’effet du vieillis-
sement, des mesures de masse, de porosité ouverte et de distribution de taille de pores ont été
effectuées. Après l’essai, la masse augmente dans les deux cas. En particulier, le gain a été plus
important pendant le premier test avec entre 0.6 et 1.2 % d’augmentation. Dans le deuxième
cas, la masse augmente moins nettement avec 0.4 % représentant la valeur la plus élevée. Cette
augmentation est due à la précipitation du gypse. Étant un produit d’une réaction comportant
le sulfure, la présence de plus de gypse dans le premier cas est logique. Ensuite, il a été noté que
la porosité ouverte varie davantage pendant le deuxième test. L’augmentation absolue la plus
élevée était 5 %, tandis que la diminution la plus forte 1.5 %. De plus, la distribution de taille
des pores est évaluée en fonction du matériau et de la solution utilisée. Les différences sont plus
remarquables pour (Bj) et (Sv). Pour ces pierres, un comportement similaire est observé pour
des rayons de pores inférieurs à 1 µm et le contraire pour d’autres intervalles de rayons. Au
final, les dépôts gazeux peuvent affecter considérablement les matériaux de construction. En
addition, le rapport SO 2−

4 /NO x des solutions chimiques est un facteur déterminant des altéra-
tions lors d’essais de vieillissement. Une quantité plus élevée de sulfures induit une dégradation
plus sévère.

4.4 Vieillissement thermique et hydrique des matériaux biosourcés
Durant l’exposition à une alternance de sollicitations d’humidité (humidification ou imbi-

bition) et de chaleur (température ou radiation ultraviolet), les matériaux biosourcés peuvent
subir des changements conséquents. Plusieurs causes peuvent être à l’origine de cette évolution.
En considérant un climat chaud, les hautes températures peuvent générer des microfissures.
Ces dernières apparaissent suite à la fragilisation de la liaison qui associe le liant aux particules
végétales. Un deuxième facteur serait l’augmentation de porosité. En effet, des pores supplé-
mentaires se créent sous l’effet d’humidité [66]. Aussi, la coalescence des pores voisins peut
être à l’origine d’une augmentation de porosité. La présence d’eau peut également induire le
gonflement des particules végétales [67]. Ceci peut affecter la microstructure du matériau bio-
sourcé. Par ailleurs, une haute température favorise le rétrécissement des particules végétales.
Le retrait d’eau, initialement présent dans ces fibres, en est la cause. Tout ces phénomènes
sont à l’origine de l’évolution de la microstructure. Dans la littérature, nous retrouvons des
travaux qui montrent l’effet du vieillissement en s’appuyant sur des mesures de propriétés ou
des observations. Pour cela, des essais de vieillissement sont proposés. Ils réunissent à la fois des
cycles de variation de température et d’humidité. Certains sont moins agressifs que d’autres.
Néanmoins, ces tests sont tous accélérés (quelques jours ou semaines). Dans cette partie, nous
exposons quelques résultats montrant l’effet du vieillissement hydrique et thermique sur des
matériaux biosourcés.

D’après [68], l’objectif est d’évaluer la durabilité des composites de polyéthylène à base de
fibres naturelles. Ce matériau peut être destiné à des applications de toiture extérieure moyen-
nant le recours à des protocoles de vieillissement accéléré. A cet effet, des échantillons ont été
testés en mesurant les changements dans les propriétés de flexion dus à l’altération accélérée
dans le temps. En termes de matériaux, quatre ont été formulés à base de polyéthylène, dont
deux à base de fibres naturelles. Le premier contient 50 % de fibres de bois et le second 50 %
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de fibres de Kénaf. L’essai de vieillissement consiste à exposer une face d’un échantillon à 102
minutes des rayons UV, suivies de 18 minutes de pulvérisation à l’eau. Pendant ce temps, les
deux faces sont soumises à des niveaux élevés d’humidité. La durée totale du protocole est fixée
à 4000 h. Sur la base de prélèvements effectués toutes les 500 h, les modules d’élasticité et de
rupture ont été déterminés avant et pendant les cycles climatiques. Les résultats ont montré
que le module de flexion du polyéthylène à base de fibres naturelles diminuait après 4000 h
d’exposition. La perte d’élasticité la plus importante a été enregistrée pour les composites à
base de Kénaf avec une diminution relative de 62 %. Pour les composites à base de bois, la
valeur finale ne représentait que 45 % de la valeur initiale. Quant à la résistance à la flexion,
elle a également baissé au cours des cycles. Ces pertes sont liées notamment à la dépolymé-
risation de la lignine et de l’hémicellulose sous l’effet des rayons UV et de la présence d’eau
liquide. Dans ce cas, les contraintes appliquées ne pourront être transmises correctement entre
la matrice solide et la matière végétale. En outre, la profondeur de la dégradation a été estimée
visuellement à l’aide d’un microscope afin de quantifier le degré de détérioration des surfaces
exposées. Il a été constaté qu’elle augmente progressivement. Les valeurs moyennes de 0.5 et
0.4 mm sont atteintes respectivement pour les composites à base de Kénaf et de bois. Malgré
les changements du comportement mécanique de ces composites, ce type de matériaux restent
généralement plus performants que ceux sans additions végétales [69, 70].

Par ailleurs, l’évolution des propriétés de deux bétons de chanvre a été étudiée sur 2 ans
de contraintes climatiques d’après [71]. Le premier matériau est à base de chaux, que nous
désignons par FL-HC. Le second est fabriqué à partir d’un ciment naturel noté NC-HC. Ils ont
été soumis à deux essais climatiques différents. Le premier lot d’échantillons a été stocké dans
un environnement statique dans une pièce climatisée à 20 ◦C et 50 % d’humidité relative. Ce
premier test sert de référence. Le deuxième lot d’échantillons a été soumis à des cycles d’humidi-
fication et de séchage où la température est maintenue à 30 ◦C. Dans ce protocole expérimental,
un cycle dure une semaine, avec 5 jours à 98 % d’humidité relative suivis de 2 jours à 40 %. Par
ailleurs, la variation de la conductivité thermique, la résistance à la compression, la porosité et
la tortuosité ont été évaluées. Les résultats ont montré que le test de référence de deux ans n’a
pas d’effets significatifs sur les propriétés des matériaux. Quant à la conductivité thermique, sa
variation a été mesurée pour les deux essais et les deux matériaux. Une augmentation relative
de 19 % a été observée pour le FL-HC et de 7 % pour les échantillons à base de ciment. Ces
changements se sont accentués respectivement après 6 et 18 mois pour le FL-HC et le NC-HC.
Quant à l’isotherme d’adsorption, la capacité d’adsorption d’eau a augmenté après 18 mois
d’essai lorsque l’humidité relative dépasse 20 %. Dans ce cas, le vieillissement a augmenté la
capacité du béton de chanvre à absorber la vapeur d’eau. Pour ce qui est du comportement
mécanique, son évolution a été déterminée grâce à des mesures de la résistance à la compression.
Au vu des valeurs obtenues et de leurs dispersions, le béton de chanvre demeure inerte face
aux cycles d’humidification et de séchage. Pour décrire la microstructure, l’étude a examiné en
outre la porosité et la tortuosité au moyen de mesures acoustiques. Les résultats ont révélé que
la porosité n’est pas affectée pour les échantillons stockés à des conditions climatiques normales
et statiques. Au contraire, la hausse de la porosité après 2 ans de cycles d’humidification et
de séchage est comprise entre 0.03 et 0.04. En ce qui concerne la tortuosité, la variation a
été aléatoire pour FL-HC. Pour le second matériau, la tortuosité a augmenté tout au long des
cycles. D’après l’étude, la variation des propriétés est liée à l’altération des propriétés chimiques
dont l’hydratation, la carbonatation et l’attaque des fibres végétales par les micro-organismes.
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Également, le gonflement et le rétrécissement des fibres en font une cause également.

Une autre étude [72] aborde le vieillissement accéléré et ses effets sur les propriétés du béton
de chanvre. Le vieillissement consistait en une succession de cycles d’immersion dans l’eau et
de séchage. Les échantillons de béton de chanvre sont composés de chaux et d’anas de chanvre.
Quant au protocole accéléré, il a été réalisé au laboratoire en soumettant les échantillons à 48 h
d’immersion totale dans l’eau, puis un séchage de 72 h à 50 ◦C. Ceci a donné lieu à un cycle
qui a été répété sur une période de 40 jours. Bien que le test proposé semble plus agressif que
les conditions extérieures normales, celui-ci renseigne sur le comportement de ce matériau à
l’état dégradé. Pour la comparaison, des échantillons de référence ont été conservés dans une
chambre climatique sous des conditions atmosphériques normales. Il est essentiel d’assurer les
mêmes états hydriques et thermiques entre les échantillons frais et les échantillons vieillis [73].
Une caractérisation est réalisée sur les propriétés suivantes : porosité, conductivité thermique,
perméabilité à la vapeur d’eau, capacité tampon d’humidité, résistance à la compression et le
pH. De plus, l’évolution de la microstructure est donnée à travers des observations au micro-
scope avant et après l’essai. Des fissures se sont créées à l’interface liant-anas après 40 jours. Ceci
peut être lié à la sensibilité des anas à l’humidité. Dans ce cas, des mécanismes de gonflement et
de rétrécissement se produisent suite à la variation de la teneur en eau liquide. De plus, la fra-
gilisation des liaisons liant/anas est due à la température élevée pendant les périodes de séchage.

Par ailleurs, l’évolution de la microstructure a été quantifiée en étudiant la porosité. Cette
dernière a augmenté de 71.51 % à 73.4 % ce qui est en accord avec la microstructure observée.
Les résultats de porosité peuvent constituer la base justifiant la variation des autres propriétés.
Concernant la conductivité thermique, la valeur de 100.94 mW.m−1.K−1 a été mesurée à l’état
de référence, pour ensuite diminuer à 94.25 mW.m−1.K−1. En effet, la création de pores supplé-
mentaires entraîne plus de présence d’air à l’intérieur du matériau. Or, l’air étant l’élément le
plus isolant, il baisse la valeur de la conductivité thermique du matériau. Aussi, le vieillissement
des anas de chanvre a induit une dégradation de la capacité de fixation et de restitution d’hu-
midité. À ce propos, la valeur tampon d’humidité a légèrement diminué. Néanmoins, les deux
valeurs obtenues montrent que le béton de chanvre assure une excellente régulation hydrique,
même à l’état altéré. Parallèlement, la perméabilité à la vapeur d’eau a subi une augmentation
sous l’effet des cycles de vieillissement. Sa valeur est passée de 2.85 × 10−11 à 3.94 × 10−11 s.
Ce résultat est également lié à la variation de porosité. Quant au comportement mécanique du
béton de chanvre, il a considérablement diminué en raison de la fragilisation de la structure et
de la présence de fissures. La résistance à la compression passe, en effet, de 0.94 à 0.46 MPa.
Contrairement à cette dégradation, d’autres recherches [74, 75] ont montré que le béton de
chanvre est plus durable vis-à-vis des protocoles de séchage et d’humidification à la vapeur
d’eau. Enfin, les cycles d’immersion-séchage n’affectent pas le pH du béton de chanvre. Ses
valeurs sont restées aux alentours de 11, ce qui ne favorise pas la croissance fongique.

Les propriétés d’un matériau à l’état sain et après vieillissement peuvent être exploitées pour
prédire son comportement thermique et hydrique en tenant compte de ces deux configurations.
D’après les propos de cette recherche [76], l’effet du vieillissement a été investigué sur le béton
de chanvre à différentes échelles. En particulier, l’étude a mis en évidence l’effet de la prise en
compte du vieillissement sur le comportement du matériau à l’échelle de la paroi. Les cycles de
vieillissement ont été plus sévères en ajoutant un jour de gel à −18 ◦C entre l’immersion et le
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séchage. Pour la prédiction, un modèle de transfert de chaleur et d’humidité a été utilisé. En
addition, des mesures de la densité apparente, la conductivité thermique, la chaleur spécifique
et la perméabilité à la vapeur d’eau ont été réalisées avant et après l’essai.

Table 1.2 – Les propriétés à l’état de référence et après vieillissement du béton de chanvre
[76].

Propriété Référence Vieilli
ρ s [kg.m−3] 484.46 480.27

λ [mW.m−1.K−1] 100.73 89.42
C p [J.kg−1.K−1] 872.34 902.6

δ p [s] 2.85 × 10−11 3.95 × 10−11

Le Tableau 1.2 rapporte les valeurs obtenues. D’après les prédictions numériques, le vieillisse-
ment impacte le comportement hygrothermique du béton de chanvre à l’échelle du matériau et
de la paroi. Les écarts ont atteint un maximum absolu de 18 % en termes d’humidité relative
et 1 ◦C de température. En outre, les flux thermiques intérieurs, y compris les charges sensibles
et latentes, ainsi que le flux de conduction ont été évalués. Les résultats ont mis en évidence
des valeurs plus faibles du flux sensible en comparant le comportement du matériau vieilli à
celui du matériau neuf. L’opposé a été constaté en considérant le flux latent. Ces résultats
sont cohérents avec les mesures de la conductivité thermique et la perméabilité à la vapeur.
Globalement, la charge de conduction est plus petite pour le cas du matériau vieilli, entraînant
ainsi une amélioration de l’efficacité thermique. Compte tenu de l’agressivité de l’essai proposé,
il convient de noter que ce dernier ne reflète que le cas de dégradation extrême après plusieurs
années d’utilisation dans des climats durs.

4.5 Synthèse et problématique
L’analyse bibliographique des investigations du vieillissement a révélé la considération d’ap-

proches expérimentales pour aborder ce phénomène. Cette approche est indépendante du type
de vieillissement étudié. Pour le vieillissement thermique et hydrique, les travaux cités proposent
des protocoles expérimentaux accélérés pour évaluer l’impact de ce phénomène. Le Tableau 1.3
résume ces essais dans le cas des matériaux biosourcés. La description de tels essais montre
qu’ils se basent sur des conditions extérieurs extrêmes. Ces dernières ne représentent le climat
que dans les cas les plus défavorables. Ainsi, cela justifie l’aspect agressif des protocoles déve-
loppés. En outre, aucun travail n’établit un lien entre ces essais accélérés et un cas d’étude réel.
Une configuration réelle, qui serait représentative du protocole expérimental, reste inconnue.
Pour ces raisons, notre travail de recherche propose une solution pour lever ces verrous scienti-
fiques. Grâce au développement d’une méthodologie, nous proposons un protocole expérimental
représentatif d’un phénomène de vieillissement long et naturel. En raison de la longue durée du
protocole, une maquette réduite est générée en laboratoire. Cette maquette expérimentale est
équivalente au protocole développé et est obtenue grâce à l’application des lois de similitude.
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Table 1.3 – Récapitulatif des essais de vieillissement menés sur des matériaux de
construction.
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5 Les lois de similitude
Les lois de similitude servent à définir des équivalences entre des configurations physiques

ayant des échelles caractéristiques différentes. Les similitudes sont fondées sur des invariances
caractérisées par des nombres caractéristiques sans dimension. En l’occurrence, des systèmes
physiques, avec des échelles spatiales et temporelles différentes, peuvent être jugés similaires.
Nous verrons que ces lois sont utilisables, notamment, pour réduire la durée des longs phéno-
mènes physiques. Dans ce qui suit, une définition des lois de similitude est donnée. Ensuite,
nous testons la fiabilité de leur application expérimentale dans différents domaines. Une analyse
exhaustive des résultats est proposée.

5.1 Définition
La théorie des similitudes repose sur des lois qui peuvent garantir des équivalences entre des

systèmes physiques, présentant des échelles caractéristiques différentes. Ces dernières peuvent
changer d’une configuration à une autre tout en veillant à assurer les mêmes invariances. En
se donnant un phénomène physique, la définition des similitudes est basée sur la formulation
adimensionnelle des équations qui définissent ce phénomène. En fixant une grandeur carac-
téristique pour chaque variable, le système est transformé du domaine physique au domaine
adimensionnel. Ceci simplifie le problème en réduisant le nombre de ses paramètres comme
le démontre le théorème de Buckingham [77]. D’après ce dernier, la formulation obtenue fait
intervenir des nombres sans dimension qui sont exprimés via les grandeurs caractéristiques dé-
finies. Des nombres comme Reynolds [78], Peclet, Fourier et Biot en font partie. Dans cette
perspective, une similitude est assurée si ces nombres demeurent invariants en passant d’une
configuration à une autre.

Figure 1.11 – Principe des lois de similitude.

La Figure 1.11 décrit le principe des similitudes entre deux configurations 1 et 2. Initialement,
la configuration 1 est bien définie à travers un domaine d’étude spatial Ω 1 et une durée d’ex-
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périence t 1. Ensuite, la formulation adimensionnelle du domaine physique requiert la définition
des échelles caractéristiques de la configuration 1, notamment une longueur L 1 et une durée t c,1.
La migration vers la domaine adimensionnel permet d’obtenir les nombres sans dimension liés
au phénomène étudié. Sur cette base, une configuration 2 équivalente est obtenue. Les échelles
caractéristiques liées à cette dernière, dont L 2 et t c,2, doivent vérifier les lois des invariants.
D’après certaines études, les lois de similitudes peuvent réduire la complexité des phénomènes
physiques en proposant des modèles simplifiés. Ces derniers sont généralement plus faciles à
aborder et peuvent prédire, avec une précision acceptable, les résultats de la configuration de
référence.

5.2 Applications
Selon le but d’application, les lois de similitudes peuvent être utilisés de trois manières

différentes. Il s’agit des similitudes cinétiques, géométriques et dynamiques. Grâce au premier
type, nous visons à établir une équivalence entre des configurations en fixant la durée du
phénomène étudié. Ces configurations se distinguent par l’échelle spatiale ou le type du matériau
utilisé. Les similitudes sont dites géométriques si les configurations équivalentes définissent des
échelles spatiales identiques. Dans ce cas, ces lois visent à établir les durées équivalentes en
considérant des matériaux différents. Dans le troisième cas, seul le matériau est le même entre
les configurations. Principalement, les similitudes dynamiques sont appliqués pour réduire la
durée des longs phénomènes physiques. Dans le reste de cette partie, les études appliquant ces
lois sont présentées en identifiant le type de similitude utilisé.

5.2.1 La vibration des structures

La vibration des structures est un champ qui s’intéresse à la réponse vibratoire des structures
face aux chargements mécaniques. Dans ce cadre, les lois de similitude ont été déduits et leur
précision a été évalué [79, 80]. Un exemple [81] établit les lois de similitude cinétiques vis-à-
vis de la réponse vibratoire des plaques minces rectangulaires. Au préalable, Ces lois ont été
vérifiées grâce à des simulations numériques et s’avèrent exactes pour des couples de modèles et
de prototypes, qui respectent les invariants de similitude. Dans ce cas, un modèle en aluminium
a été comparé à un prototype en acier inoxydable. Pour six ratios longueur/largeur différents,
deux approches ont été menées afin d’évaluer les fréquences propres d’un prototype en acier
inoxydable. La première consiste à calculer théoriquement cette quantité à l’aide des équations
régissant la vibration des plaques minces rectangulaires isotropes. La seconde approche s’appuie
sur la fréquence théorique du modèle en aluminium et sur les lois de similitude pour déduire la
fréquence du prototype en acier. Les résultats ont révélé que ces lois sont applicables à un couple
de modèles et de prototypes ayant le même rapport longueur/largeur en dépit de l’utilisation
de matériaux différents. Afin de confirmer la justesse de ces lois pour une application réelle, des
expériences de vibration ont été réalisées sur plusieurs échantillons afin de déterminer leurs trois
premières fréquences propres. Ces échantillons étaient composés de deux types d’aluminium A
et B, d’un acier de construction et d’un acier inoxydable. La méthodologie a consisté à mesurer
la fréquence propre des échantillons liés aux modèles et prototypes. Ensuite, les fréquences du
modèle ont été introduites dans les lois de similitude afin d’obtenir celle des prototypes. Ensuite,
ces dernières ont été comparées aux fréquences mesurées des prototypes. Durant l’investigation
expérimentale, l’effet de la taille et du type de matériau ont été étudiés séparément sur les
résultats de similitude.
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Table 1.4 – Écarts relatifs entre la fréquence propre mesurée et celle obtenue via les lois de
similitude pour des échantillons avec différentes dimensions [81].

Longueur/largeur Modèle [mm2] Prototype [mm2] Mode 1 [%] Mode 2 [%] Mode 3 [%]
200 × 200 300 × 300 −7.47 2.61 0.77

1 250 × 250 200 × 200 −0.79 −5.59 −4.79
300 × 300 250 × 250 8.93 3.23 4.23
300 × 200 450 × 300 −1.29 −2.42 0.27

1.5 375 × 250 300 × 200 6.31 6.05 1.33
450 × 300 375 × 250 −4.7 −3.36 −1.58
400 × 200 600 × 300 −1.54 −3.34 −2.29

2 500 × 250 400 × 200 3.64 5.87 1.24
600 × 300 500 × 250 −2.01 −2.29 1.09

Table 1.5 – Écarts relatifs entre la fréquence propre mesurée et celle obtenue via les lois de
similitude pour des matériaux différents [81].

Modèle Prototype Taille [mm2] Mode 1 [%] Mode 2 [%] Mode 3 [%]
Al-A Al-B 300 × 200 10.47 −2.39 9.59

375 × 250 14.15 3.53 7.11
Acier 300 × 200 2.86 9.71 4.06

375 × 250 5.71 −3.17 −7.84
Acier inoxydable 300 × 200 2.28 6.98 9.13

375 × 250 14.66 1.15 −1.53
Al-B Acier 300 × 200 −6.89 12.39 −5.05

375 × 250 −7.4 −6.47 −13.95
Acier inoxydable 300 × 200 −7.42 9.59 −0.42

375 × 250 0.45 −2.3 −8.06
Acier Acier inoxydable 300 × 200 −0.57 −2.49 4.87

375 × 250 8.47 4.46 6.84

Afin d’étudier l’effet de la taille, un modèle en aluminium et des prototypes de différentes
tailles ont été considérés. Sur 27 comparaisons, l’écart relatif moyen obtenu est de 3.3 % d’après
les valeurs dans le Tableau 1.4. Malgré les écarts faibles, le modèle et les prototypes ne sont pas
entièrement similaires. Selon les auteurs, le degré de non-planéité était probablement différent
entre les échantillons. Par ailleurs, les fréquences propres des prototypes ont été prédites en
recourant à des échantillons modèles de différents matériaux. D’après le Tableau 1.5, les simi-
litudes permettent de prédire avec une marge d’incertitude la fréquence propre du prototype.
Sur la base de 36 comparaisons, seules 5 paires présentent un écart supérieur à 10 %. Selon Sin-
ghatanadgid et al. [81], l’incertitude expérimentale qui découle de l’imperfection des conditions
aux limites et des échantillons serait probablement à l’origine des écarts constatés.
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5.2.2 Résistance des matériaux

Ce domaine étudie le comportement des matériaux vis-à-vis des contraintes mécaniques
[82, 83]. Dans ce contexte, les similitudes cinétiques ont été utilisées pour étudier les perfor-
mances des structures offshore telles que les conduites d’extraction. Ces structures font partie
du système utilisé pour acheminer le pétrole jusqu’à la surface d’eau. Les collecteurs sous-marins
sont exposés à un environnement corrosif qui entraîne une dégradation de leurs surfaces internes
et externes. Cette dégradation peut se manifester par une perte d’épaisseur de la paroi et une
détérioration de la fonctionnalité au fil du temps. Dans ce contexte, Chan et al. [84] ont analysé
les performances d’une conduite en acier réparée avec un polymère composite à base de fibres
et soumise à des chargements mécaniques. Le comportement du système charge-déformation a
été modélisé et résolu par la méthode des éléments finis. L’avantage des lois de similitude a été
la validation de ce modèle en proposant un prototype expérimental à échelle réduite. Ce der-
nier peut reproduire le comportement mécanique des conduites tout en économisant le temps
nécessaire à la préparation des matériaux et le coût élevé des ressources. Lors des simulations
et expériences, trois états de conduite ont été pris en compte : non corrodées, corrodées et
réparées avec des fibres de carbone de différentes orientations.

Table 1.6 – L’erreur quadratique moyenne (RMSE) et l’écart relatif maximum entre les
résultats numériques et les mesures [84].

État d’acier Écart relatif maximal [%] RMSE [-]
Normal 4.44 0.0035
Corrodé 15.95 0.025

Réparé 0◦ 25.47 0.023
Réparé 30◦ 10.83 0.012
Réparé 60◦ 5.61 0.0018
Réparé 90◦ 7.58 0.0091

Concernant la partie expérimentale, des tuyaux en acier doux ont été sélectionnés pour
concevoir la conduite. Quant à la modélisation numérique, le même matériau a été considéré
dans le cadre d’une configuration réelle. Les résultats sont obtenus en termes de loi de com-
portement mécanique entre celle mesurée et l’autre calculée. Pour les échantillons réparés, les
différentes orientations correspondent aux angles qui font les fibres de carbone avec l’axe de
la barre d’acier. L’écart relatif maximum et l’erreur quadratique moyenne sont résumés dans
le Tableau 1.6. Les valeurs d’écart les plus marquantes sont 15.95 % et 25.47 %. D’après les
auteurs, la première est liée à l’erreur systématique lors de la conception expérimentale de la
corrosion. Quant à la seconde valeur, elle a été justifiée par rapport à l’hypothèse d’une liaison
parfaite entre les fibres et le tube d’acier. En effet, le modèle numérique a été basé sur cette
hypothèse et a surestimé la résistance des fibres.

5.2.3 Aérodynamique

le domaine aéronautique et aérospatial ont également tiré profit de ces lois [85, 86]. Prin-
cipalement, des prototypes réduits d’avion sont développés pendant la phase de conception.
Le but est la vérification de la résistance et la stabilité des modèles réels à l’écoulement d’air
pendant les vols. Pour y parvenir, les équations de Navier-Stokes [87] sont décrits pour établir
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des équivalences. En addition, la phase d’atterrissage est examinée en menant des tests sur des
prototypes. Selon [88], la dynamique d’atterrissage des engins spatiaux a été analysée dans le
cadre de la mission d’exploration de l’une des deux lunes de Mars [89].

À cet égard, l’étude a été basée sur les similitudes cinétiques afin d’établir une corrélation
entre le vaisseau et un modèle réduit. Pour ce fait, trois configurations expérimentales équiva-
lentes ont été comparées. Une configuration réduite consiste à représenter l’impact du pied du
vaisseau spatial par un test de chute d’un support cylindrique. En outre, l’étude a considéré le
sable siliceux pour modéliser la partie du sol de la lune recouvrant la roche-mère (régolithe).
Il a été supposé que les deux avaient la même densité. Cela a permis de simplifier en partie les
relations d’équivalence. Les trois essais ont été définis, chacun via une longueur caractéristique.
Il faut noter que les trois configurations sont équivalentes à celle du vaisseau spatial réel. La
hauteur d’enfoncement adimensionnelle a été considérée pour la comparaison des configura-
tions. En supposant que le régolithe/sable joue le rôle du ressort au moment d’atterrissage, la
hauteur d’enfoncement varie suivant la vitesse de l’engin spatial. Pour une même vitesse, les
configurations étaient généralement en bon accord.

5.2.4 Transfert de chaleur et d’humidité

Ces transferts couplés représentent les phénomènes qui ont lieu au cours du vieillissement
thermique et hydrique. Les différents types de sollicitations induisant ce vieillissement sont
cités dans la Section 4.4. Certains modèles de transfert de chaleur et d’humidité [90, 91, 92]
ont été utilisé pour établir les lois de similitude. Dans ce cas, des équivalences peuvent être
définies à base des nombres adimensionnels suivants : Fourier, Biot et Lewis [93]. En analysant
les travaux de la littérature, les lois de similitudes sont rarement utilisées [94, 95]. En effet, la
fiabilité de l’application expérimentale de ces lois n’est pas vérifiée.

Matsumoto et al. [96] ont appliqué ces lois sur les phénomènes de transfert. Grâce à cette
investigation, une méthode expérimentale est développée, elle est basée sur un modèle réduit de
mur de bâtiment et sur l’application des lois de similitude dynamiques. Celles-ci ont été fondées
sur la base des équations qui régissent le transfert unidimensionnel de chaleur et d’humidité
à travers les milieux poreux. Le modèle réduit a été conçu avec les mêmes matériaux que le
mur réel du bâtiment. En outre, les conditions aux limites sont les mêmes que celles du mur
réel. Enfin, la valeur 0.2 a été choisie comme facteur de réduction spatiale. Ainsi, la taille réelle
du mur est 5 fois plus petite dans le modèle réduit. Sur la base des lois de similitude, il en a
découlé que le facteur de réduction temporelle est 0.04. Ainsi, les variations annuelles d’humidité
et de température dans le mur réel peuvent être simulées par le modèle réduit avec une durée
25 fois plus courte (environ deux semaines). Quant aux matériaux utilisés, le contreplaqué,
la laine de verre et le béton léger ont été utilisés pour construire le mur. La température et
l’humidité relative ont été maintenues à des constantes du côté intérieur. Quant aux conditions
extérieures, la variation de la température a été basée sur des données climatiques annuelles.
Contrairement à la température, l’humidité relative extérieure n’a pas été contrôlée. À des
fins de comparaison, le comportement du modèle à échelle réelle a été évalué numériquement.
Entre-temps, les mesures ont été converties à l’échelle réelle du mur et de temps en utilisant
les similitudes. La distribution de la température dans le mur a été obtenue pour des résultats
numériques et des mesures à six moments différents. Les prédictions numériques concordent bien
avec les mesures. De plus, malgré l’humidité élevée de l’air ambiant, les valeurs numériques et
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expérimentales de l’humidité sont relativement en accordance tout en notant quelques écarts.
Ces derniers sont plus significatifs que ceux concernant la température. Il sont dus à la difficulté
de maintenir expérimentalement des coefficients convectifs extérieurs et intérieurs qui respectent
les lois des invariants. En effet, le protocole expérimental utilisé n’a pas permis de contrôler ces
grandeurs.

Conclusion

Dans le cadre de cet état de l’art, il a été reporté des éléments bibliographiques liés aux ma-
tériaux biosourcés et au vieillissement. Par ailleurs, le milieu poreux a été initialement défini et
ses caractéristiques ont été explicitées. Cette description est indispensable en raison de la nature
poreuse du matériau biosourcé. De plus, un grand intérêt est porté au vieillissement thermique
et hydrique des matériaux de construction. Sur cette base, la majorité des auteurs modélisent
ce type de vieillissement en proposant des essais au laboratoire. Ces derniers consistent en des
cycles récurrents de chaleur et d’humidité.

L’analyse de ces essais a permis de soulever un premier verrous scientifique. En effet, le dé-
veloppement des protocoles de vieillissement est basé sur des conditions climatiques extrêmes.
Sous cette hypothèse, l’essai est agressif et représente ainsi moins le phénomène naturel. Par
ailleurs, nous remarquons que ces protocoles sont accélérés et ne durent que quelques dizaine
de jours. En réalité, la durée du vieillissement naturel est beaucoup plus importante. Par consé-
quent, il est difficile de définir les échelles spatio-temporelles de la configuration qui correspond
à un essai accéléré. Dans ces travaux, une méthodologie pour le développement d’un protocole
expérimental répondra à la première problématique. Grâce à ce protocole, le vieillissement,
comme phénomène long et naturel, est mieux représenté. Cependant, l’essai proposé n’est pas
réalisable à l’échelle du laboratoire à cause de sa longue durée. Comme montré dans la litté-
rature, les lois de similitudes peuvent être utilisées pour réduire l’échelle temporelle des longs
phénomènes. Ainsi, le deuxième objectif sera de vérifier l’application de ces lois. La fiabilité de
leur application expérimentale est testée sur deux expériences. La première porte sur le trans-
fert de chaleur seul et la deuxième, plus généralisée, traite des transferts couplés de chaleur et
de masse d’eau. Après leur vérification, ces lois seront appliquées pour générer et étudier une
maquette expérimentale réduite et équivalente du protocole développé. Grâce à ce test accéléré,
nous étudions l’effet du vieillissement sur les propriétés du transfert du béton de chanvre. Il est
évalué en mesurant la variation des propriétés durant l’essai réalisé. Sur l’appui des mesures
de porosité, nous développons un modèle phénoménologique qui décrit le vieillissement d’un
matériau en fonction des charges d’imbibition et de séchage. Dans le cadre de cet objectif, il
s’agit aussi d’intégrer le modèle dans les transferts de chaleur et de masse au sein des maté-
riaux de construction. Cette étape permet d’évaluer l’impact du vieillissement sur l’efficacité
énergétique à l’échelle des parois de bâtiment.
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Chapitre 2

Experimental assessment of the
similarity law for a heat conduction
problem

Abstract
Similarities are mathematical laws, which are based on the dimensionless formulation of

the governing equation of a physical phenomenon. Consequently, a set of characteristic dimen-
sionless numbers is obtained. Similarities aim, via these numbers, to find equivalences between
particular configurations. This approach is widely adopted, especially in fluid and aerodynamic
problems. In the building context, the phenomena of heat and mass transfer in porous media
occur with slow kinetics. Thus, similarities can be employed to reduce the duration of expe-
rimental campaigns to characterize material properties. These laws were investigated here in
the case of a heat transfer problem through an experimental campaign. Two equivalent confi-
gurations were submitted to a heat stress. Temperatures inside materials were measured and
compared to assess the validity of thermal similarity. A complete evaluation of uncertainty pro-
pagation was then carried out. Uncertainties related to the sensor position, its response time,
the omission of mass transfer, the sensor systematic accuracy, the random measurement aspect,
the one-dimensional transfer hypothesis and the boundary condition modeling were evaluated.
The comparison of both configurations was carried out based on the confidence interval of both
measurements. The results showed a good agreement between the reference and reduced expe-
riment. On the basis of these findings, similarities were experimentally verified within a margin
of discrepancy that was justified. Thus, they can be adopted in heat transfer experiments in
order to identify equivalent configurations that are easier to conduct.
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Highlights
1. Similarity laws are investigated in the framework of a heat transfer problem through an

experimental campaign.
2. Two equivalent configurations undergo the same heat stress, and temperatures at equiva-

lent positions are compared.
3. The reliability of results is supported with a rigorous uncertainty evaluation.
4. Results highlight a good agreement between the reference and reduced experiment.

Keywords
Heat transfer, similarity analysis, porous material, experimental benchmarking, uncertainty

quantification.

1 Introduction
In the building sector, energy consumption has increased continuously in the recent years,

depleting natural resources and in turn increasing greenhouse gas emissions [97]. One option for
addressing this is to focus on the envelope and building materials, reducing their environmental
footprint and better controlling sensible and latent heat flows. Recently, new types of materials
have been proposed in building sector. On the one hand, there are bio-based materials, which
are generally based on the use of concrete with the partial substitution of a plant substance.
They are good insulators and moisture regulators [72]. Studies conducted on this type of mate-
rial have shown that it is a suitable alternative in terms of energy efficiency [41]. On the other
hand, agricultural and industrial waste can also be used to form composite concretes. It has
also been shown [98] that the manufacture of recycled concrete reduces CO 2 emissions by 58%
compared to the production of clinker.

All such materials are porous media, composed of a solid matrix, a water liquid phase and
a humid air phase. They have complex and heterogeneous micro-structures [99, 100]. With the
presence of temperature and humidity variations induced by climatic conditions and building
use, coupled heat and mass transfer phenomena [101] occur through the material. To accurately
model these phenomena through porous building walls, it is necessary to determine the mate-
rial properties of heat and mass transfer. In other words, experimental campaigns are required
to characterize the materials. However, some procedures require a long period. For example,
determining the adsorption and desorption curves of concrete can last several months. The
classical method lies on the use of saturated saline solutions. A study of the adsorption curve
[102] showed that it takes approximately five months for different concrete samples. Indeed, the
water mass equilibrium at each relative humidity level is reached slowly. The ProUmid device
is used in laboratories world-wide to determine the adsorption curve and examine the moisture
adsorption behavior of materials. This dynamic vapor adsorption device employs the gravime-
tric method, assessing the mass variation of samples until it reaches a mass equilibrium. The
test duration can range from three to six months, depending mainly on the micro-structure of
a material and its porosity. The long duration of these kinds of tests is primarily due to the
kinetics of heat and mass transfer phenomena. Indeed, water transport is slow [103]. The Fourier
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number Fo [−] is the parameter that describes the kinetics of transfer. Take for example a hemp
concrete sample whose thickness is L = 20 cm. Considering that it undergoes a moisture stress
during t 0 = 10 d while remaining in the hygroscopic mode, the hemp concrete mass diffusivity
is estimated at D 0 = 1.06 10−8 [m2.s−1] where T = 20 ◦C. Thus, the typical experience duration
is deduced τ = 43.6 d. To overcome this problem, the similarity law can be employed to re-
duce the duration of experiments. By definition, similarities are mathematical laws which aim
to find equivalences among several configurations. This method consists of the dimensionless
formulation of the governing equations [104]. As a result, dimensionless characteristic numbers
are obtained which are used to obtain equivalences.

The literature shows that similarity laws have been adopted in various scientific fields
[105, 106, 107]. In acoustics, for example, it has been demonstrated that the sound analy-
sis of two equivalent centrifugal fans was similar [108]. Another study [109] focused on the
evaluation of the temperature of enclosed turbulent flames for different lengths. Analysis of the
experimental results has shown that the behavior of temperatures, measured by means of an
optical pyrometer, satisfies a similarity law. Similarities were also used in a study of structures
[110] exposed to impacts with low and high velocity projectiles. It presented an experimental
verification of these laws, using three different scales, three different materials and two loading
cases. In addition, fluid dynamics constitutes a major field highlighting the use of these tech-
niques [111, 112, 113]. In [114], an analysis was performed to study the fluid flow and heat
transfer characteristics of the steady laminar natural convection boundary layer flow over a
semi-infinite horizontal flat plate. This plate was subjected to a variable wall temperature. Si-
milarity laws were used to identify the parameters governing the dynamic and thermal wall-fluid
interaction. Within the same scientific field, other studies were carried out in order to evaluate
the impact of certain physical parameters on the flow of particular fluids [115, 116, 117]. In this
case, temperature, pressure gradient, velocity and shear stress were investigated by means of
preliminary similarity analysis. For example, a study was conducted on a steady incompressible
Williamson fluid flow [118]. Using appropriate similarity transformations, the authors conver-
ted a set of partial differential equations based on flow situations into a system of non-linear
coupled ordinary differential equations. Thereby, the impact of some parameters, namely the
one related to the Williamson fluid, was observed on some problem variables.

In the field of heat and mass transfer in buildings, these laws are applied for different pur-
poses. A method for calculating the solution of the transfer equations has been described in
[119]. A dimensionless formulation was suggested as an intermediate step. In addition, the ad-
vantages of using a dimensionless analysis by scaling the governing equations of heat and mass
transfer were explored in [94]. It also permitted the definition of heat and mass kinetics, geome-
tric and dynamic similarities among different physical materials. The dimensionless analysis of
a heat and mass transfer model has also been addressed in [104]. The authors adopted this ap-
proach to estimate the mechanisms governing these transfers for a medium density fiberboard.
This was achieved by assessing the magnitude of the dimensionless numbers of the model and
their response surface. An experimental method using a small-scale model for the building wall
and similarity laws based on the governing equations of simultaneous heat and moisture transfer
through porous media was presented in [96]. Converted values from the small-scale model were
compared with the numerical results of the reference configuration, this comparison showed a
good agreement. Apart from the application of such laws, it is worth noting that most studies
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used them to obtain equivalent theoretical configurations. Nevertheless, this approach requires
an experimental campaign to compare the results between equivalent cases and evaluate the
noticed discrepancies.

In general, it is easy to express theoretically the laws of similarity related to a physical
problem, particularly the one concerning heat transfer in porous materials. In addition, these
laws are based on several assumptions that can be modeled mathematically. As an example,
the boundary conditions and the variation laws of material properties constitute two important
hypotheses. Experimentally, it would not always be evident to respect entirely the defined as-
sumptions. For example, a material property is supposed constant at the macroscopic scale. In
reality, it varies in space following the micro-structure and pores distribution. Thus, two samples
issued from a material do not have necessarily the same properties. In this context, it would
be judicious to evaluate how far the experimental similarities are validated. Errors, that would
arise from assumptions, can be discussed by means of a study of uncertainty. Many researches
have proposed methodologies to compute uncertainties following two main approaches : pro-
babilistic and deterministic. In the deterministic approach, uncertainty is defined as a scalar.
In this case, the calculation is less costly but less accurate. On the other hand, uncertainty is
evaluated more accurately in the probabilistic approach. However, this requires more data and
computation time. For example, the authors in [120] focused on the analysis of experimental
uncertainties related to the convective transfer coefficient h c. They relied on random uncer-
tainty in the measurements of air and wall temperatures. Through a differential calculation,
they were able to express and evaluate the ratio of the relative uncertainty of h to the relative
uncertainties of the measured temperatures. The viewpoint of the study is purely deterministic,
and shows that the expressions obtained are in good agreement with the ones simulated via
the Monte Carlo method. Based on their results, the ratio can be used as a continuous function
to minimize the uncertainty on h c for similar configurations. A second study [121] introduced
a non-probabilistic interval process model to the characterization of time-varying parameter
uncertainties. Two numerical methods referred to as the Monte Carlo method under interval
process model and the sensitivity analysis method under interval process model were adopted
simultaneously to predict the uncertain temperature. Furthermore, this method involved the
use of a finite differences scheme for the estimation of temperature derivatives according to
model parameters. Other authors have adopted the probabilistic approach. In [122], the work
was based on a random aspect governing the input parameters of the model. Indeed, propaga-
tion of uncertainty through the physical model was investigated by solving two specific simple
stochastic problems using the Non-Intrusive Spectral Projection method. The uncertain para-
meters were described by either a Gaussian or a Log-Normal probability distribution function.
For each of the problems, the stochastic and the deterministic mean solutions were compared
and the resulting confidence intervals were obtained. Similarly, a random aspect was taken into
account in [123] to generate multiple model inputs. Moreover, a random collocation method
and a modified random collocation method were advanced, based on spectral analysis theory. In
both methods, the truncated high-order polynomial series were adopted to approximate tem-
perature responses with respect to random parameters. The accuracy of the two methods was
then tested using a traditional Monte Carlo simulation and two numerical examples.

In this work, we carry out an experimental assessment of similarity laws on a unidirectional
heat transfer problem. Mass transfers will be neglected in this study. Indeed, the coupling of

42



the two phenomena is less easy to control than a pure heat transfer model. The study provides
also a detailed calculation of the uncertainties related to the hypothesis of the experimental
tests and the accuracy of the used equipment. The uncertainty evaluation is essential to dis-
cuss the validity of heat transfer similarities. The study of uncertainties is of great importance.
The numerical or experimental result is not conclusive and needs to be completed by using
the associated confidence interval. This justifies the result and is obtained due to the study of
uncertainties. The paper is structured as follows. The next section defines the governing equa-
tions, the dimensionless formulation of the problem and the similarity law. Section 3 introduces
the experimental facility to assess the heat transfer similarity. Section 4 contains a complete
evaluation of the measurement uncertainty. Section 5 presents the results and discusses the
validity of the similarity for two configurations. Section 6 concludes and suggests future works.

2 Methodology

2.1 Governing equations
First, the study case consists in defining the equation that describes the heat transfer in

homogeneous media (superior in size that the representative elemental volume) [124], [125] with
high porosity. In this work, the mathematical model considers temperature T [K] as a driving
potential. It is based on the general heat equation, first developed by Joseph Fourier (1822). The
problem is written as follows :

ρ cq
∂T

∂t
= ∇ ·

(
kq ∇ T

)
. (2.1)

In Eq. (2.1), three coefficients have been introduced. kq [W.m−1.K−1] is the heat transfer co-
efficient and ρ [kg.m−3] the material density. In addition, cq [J.kg−1.K−1] is the heat storage
coefficient. We define both material density and heat transfer coefficient as follows :

ρ = ( 1 − n ) ρ s + n S w ρ w + n S a ρ a . (2.2)

k q = n k q w + ( 1 − n ) k q s . (2.3)
Equation (2.2) expresses the density of a porous material according to the three phases solid,
liquid and air [126], where n represents the porosity of the material, and ρ s, ρ w and ρ a the
density of solid phase, water and air respectively. S w and S a represent the degree of saturation
in liquid water and the gas phase. Moreover, the work of Lagarde (1965) [18] expresses the
heat transfer coefficient in Eq. (2.3) in terms of the porosity in a saturated porous media, where
k q w is the liquid water thermal conductivity and k q s that of the solid matrix.

We present Hypothesis 1, which considers a one-dimensional transfer along the x-axis
[127]. This is possible by insulating the facets parallel to the transfer direction. In these areas,
thermal flux is negligible. Moreover, we neglect water mass transfers in our case. The impact
of these on heat transfer is assumed therefore not considered. This will be the Hypothesis 2
of our study [128]. For x ∈ Ω x and t ∈ Ω t where x is the first space coordinate, t the instant
of the experiment. Eq. (2.1) can be simply reduced to :

ρ cq
∂T

∂t
= ∂

∂x

(
kq

∂T

∂x

)
. (2.4)
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Ω x = [0, L] is the space domain where x varies and Ω t = [0, tref ] the trial time interval. L
and tref are the sample length and experiment duration respectively. At the initial state, the
temperature is known :

T = T 0(x) ∀x ∈ Ω x . (2.5)
where T 0 is a given function of space. At the material/air interface, the Robin condition is
generally applied, where air temperature is known. In the case of a high ambient homogenization
and a large air flow, we define the Hypothesis 3. It assumes that temperature at the interface
is very close to that of air. Thus, we present the Dirichlet condition [129] :

T = T ∞(t) , x = 0 , t ∈ Ω t . (2.6)

The temperature T ∞ at the interface is a time function that represents the varying climatic
stress. The other side of the material is insulated, meaning that the thermal flow is negligible,
thus :

∂T

∂x
= 0 , x = L , t ∈ Ω t . (2.7)

Furthermore, the assumption of a local thermal equilibrium is made, given the slow kinetics
of the transfer and the predominance of diffusion effects compared to convection through the
porous matrix [130]. Thus, the hypotheses of the model can be summarized as follows :

Hypothesis 1 The heat transfer is one-dimensional. ■

Hypothesis 2 Mass transfer and latent effects are negligible. ■

Hypothesis 3 The boundary conditions are assumed to be of the Dirichlet type. ■

Hypothesis 4 The local thermal equilibrium is assumed. ■

Next section is devoted to the study of the dimensionless heat transfer case. This step is
important before discussing the notion of similarities. Indeed, the dimensionless formulation is
an intermediate procedure which aims to define similarities, or equivalent configurations.

2.2 Dimensionless problem
The dimensionless formulation of an equation consists in describing its variables as constants

corresponding to a particular case. This latter is defined by the researcher, and can represent the
initial instant of an experiment. Dimensionless studies have been discussed in previous research
[131]. More precisely, it has been applied to heat and mass transfer equations according to [94],
[104] and [119]. The first step is to transform the spatial and temporal field into :

t⋆ = t

t ref
, x⋆ = x

L
. (2.8)

Equation (2.8) introduces the dimensionless first space coordinate x⋆ and experiment instant
t⋆. In parallel, temperature follows the same reasoning, and the reference value of this quantity
can represent that of the material at its initial state :

u = T

T0
. (2.9)
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u represents the dimensionless temperature. On the other hand, the heat transfer kq and thermal
storage cq coefficients change under the same formulation :

k⋆
q = kq

k ref
q

, ρ ⋆ = ρ

ρ ref , c⋆
q = cq

c ref
q

. (2.10)

Likewise, k ref
q , c ref

q and ρ ref are the material heat transfer, heat storage coefficients and density
respectively at t = 0. The substitution of the dimensionless quantity u and the coefficients k⋆

q ,
c⋆

q and ρ ⋆ in Eq. (2.4) enables us to obtain the new equality :

ρ ⋆ c⋆
q

∂u

∂t⋆
= Foq

∂

∂x⋆

(
k⋆

q

∂u

∂x⋆

)
. (2.11)

Thus we observe the dimensionless Fourier number Fo appearing, and its expression is given as
follows :

Foq =
k ref

q t ref

ρ ref c ref
q L2 . (2.12)

Finally, the new boundary conditions for heat transfer are written as follows :

u = u∞(t⋆) at x⋆ = 0 ,
∂u

∂x⋆
= 0 at x⋆ = 1 . (2.13)

Where, u∞ designates the dimensionless air temperature. Thus, the dimensionless formulation
has built a new closed system, independent of time and space fields. It relies only on the number
Foq. This transformation was introduced to ensure a transition to the laws of similarity. Indeed,
equivalences would have to be determined using a basic configuration. Then, the transformation
shown in this section, is used to operate on this configuration.

2.3 Similarity law
In practice, the laws of similarity are applied to a reference case. Their usefulness consists

in obtaining configurations equivalent to our reference case [132]. They can minimize some
difficulties related to the real case. In the context of heat transfer, we can use these laws to
change the material while maintaining similarity of results [108] and [133].

t1
ref

t2
ref

1

2

Reference case 

(x, t)1

Reduced case 

(x, t)2

Adim. x = x1 L1 t = t1 t1
ref

Fourier number

t2
ref , L2

x2 =
x . L2

t2=
t . t2

ref

2 = 1 .

2 = 1 .
2

S= 2 1

T1
∞

T2
∞

Figure 2.1 – The mapping of two equivalent configurations
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The dimensions of the sample can also be changed. Since the transfer phenomena have a slow
kinetic, the goal of the study is to reduce the duration of an experiment, while working on the
same material. In heat transfer, kinetic describes the rate of heat diffusion within a material. In
the building physics field, the Fourier number describes fully this notion. Fig. 2.1 highlights the
process that defines these laws. The Fourier number is the unique parameter in the dimensionless
equation. By means of this characteristic number, a similarity can be established between the
reference case where x ∈ Ω 1

x , t ∈ Ω 1
t and the equivalent case such that x ∈ Ω 2

x , t ∈ Ω 2
t . With :

Ω i
x =

{
x ∈ R+, 0 ≤ x ≤ L i

}
=
[

0 , L i

]
, (2.14a)

Ω i
t =

{
t ∈ R+, 0 ≤ t ≤ t ref

i

}
=
[

0 , t ref
i

]
, ∀i ∈

{
1 , 2

}
. (2.14b)

where i refers to the number of the experiment configuration. Two different configurations 1
and 2 are said to be equivalent or similar if they verify the following equality :

Fo1
q = Fo2

q . (2.15)

As a reminder, both experiments have been carried out on two samples, made of the same
material. Moreover, we assume that these samples have the same porosity and initially the
same hydric state. This means : k ref

q 1 = k ref
q 2 , c ref

q 1 = c ref
q 2 and ρ ref

1 = ρ ref
2 . Thus, Eq. (2.15) is

simplified to :
tref
2

tref
1

=
(

L2

L1

)2
. (2.16)

We defined the proportionality factor between the two configurations by :

Σ = L2

L1
. (2.17)

Σ designates the ratio between two characteristic lengths L 1 and L 2. These represent the
dimensions according to which, the heat transfer occurs in both configurations. Mathematically,
we carry out a mapping, based on the dimensionless numbers, from a first configuration to a
second by applying the proportionality factor Σ.

Ω 1
x × Ω 1

t −→ Ω 2
x × Ω 2

t (2.18a)(
x 1 , t 1

)
7−→

(
x 2 = x 1 · Σ , t 2 = t 1 · Σ 2

)
(2.18b)

The next section will define the adopted experimental protocol. First, we define the material
studied and its manufacturing phase. This is followed by a description of the equipment and
the sensors used. Finally, the experimental configurations are highlighted, allowing us to verify
the validity of the hypotheses.

3 Materials and experimental facility
We chose hemp concrete for the similar tests. It is a bio-based composite material made of

hemp and lime (Fig. 2.2). The material was manufactured using the following products : Biofi-
bat, a calibrated hemp aggregate with a density of ρ = 110 [kg.m−3] and k q = 0.05 [W.m−1.K−1]
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and a moisture content of less than 15%, and TradicalR PF 70, a class FL A 3.5 formu-
lated lime in accordance with the NF EN 459 standard where ρ = 620 [kg.m−3] and k q =
0.096 [W.m−1.K−1]. The hemp concrete formulation was based on the proportions, defined by
the French standard, which are 16% hemp, 34% lime and 50% water. Moreover, the homogeni-
zation of the mixture was ensured using a mixer for approximately three minutes. We let the
mixture cure for 10 days in molds of 15×15×15 cm3. The molds were also treated with an agent
to facilitate the release of samples. The experimental characterization of hemp concrete thermal
properties under this formulation [41], provides the following results kq = 100.23 [mW.m−1.K−1],
cq = 5.52 105 [J.m−3.K−1] and ρ = 480 [kg.m−3].

Figure 2.2 – Lime and hemp used in the process

In addition, we used a climatic chamber brand Climats (Fig. 2.3a) which can generate
stress scenarios such as a variation in temperature and relative humidity. We mainly used it
to simulate thermal stress in our study, with a humidity set at 85%. An Almemo (Ahlborn)
acquisition unit and series FHA 646 R Ahlborn sensors were used. The Ahlborn FHA 646 R is a
cylindrical sensor with a 5 mm diameter, and can be used within a range from −30 to 100 °C and
from 5 to 95% relative humidity. These sensors are calibrated at 23 °C, 35% and 80% relative
humidity. The factory calibration certificate indicates an accuracy of 0.3 K in temperature and
±3% in relative humidity. The response time of the sensor is around 10 s estimated at 1 m/s
air velocity. The samples manufactured and the equipment described were used for the three
tests. Two tests verify the limitations of Hypotheses 1 and 3 and the third is devoted to the
validation of thermal similarity.

3.1 The one-dimensional transfer
The sample is a 10 × 10 × 10 cm3 cube, initially preconditioned at 85 % relative humidity

and 25 °C in the climatic chamber, as shown in Fig. 2.3a. The material was isolated from
four sides using a 3 cm layer of industrial polystyrene with a thermal conductivity of k q =
0.035 [W.m−1.K−1], to limit the flux perpendicular to the chosen direction of transfer. In fact,
the measured thermal conductivity of hemp concrete is almost three times higher than that of
the insulation used. Hemp concrete is still three times less efficient than the current insulators
used, namely rock or glass wool where k q ∈ [ 0.03 , 0.04 ] [mW.m−1.K−1]. In order to maintain
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a good bond between the concrete and the insulation, we attached two layers of an aluminum
adhesive ribbon to the assembly (Fig. 2.3b).

(a) (b)

Figure 2.3 – The climatic chamber (a) and the tested sample (b)

Table 2.1 – Sensor position coordinates

x [cm] y [cm]
χ 1 2.5 2.5
χ 2 2.5 5
χ 3 2.5 7.5
χ 4 7.5 2.5
χ 5 7.5 7.5

Six sensors were used with a diameter of 5 mm and a height of 5 to 7 cm, we positioned
five within the sample at a height of 5 cm, the corresponding coordinates were given in Table
2.1. The sensors formed two rows, the first at a depth of 2.5 cm (three sensors) and the second
at 7.5 cm (two sensors) as shown in Fig. 2.4. We used the last one to read the value of T
and ϕ of the ambient air. We consider making an error during the positioning of sensors. The
error is of the same magnitude as the sensor diameter and will be useful for the calculation
of uncertainties. This first experiment aims to evaluate the thermal flux along the y-axis. The
hypothesis is validated as long as this flux is negligible.
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Figure 2.4 – Sensor positions in the sample

3.2 The Dirichlet approximation
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Figure 2.5 – Sensors positions in the sample

The same sample used for Hypothesis 1 was adopted for the next test. Fig. 2.5 repre-
sents the experimental protocol to verify the assumption made about the Dirichlet boundary
condition. The configuration was exactly the same, with four sensors this time. The first two
measured air temperature and the last ones were fixed on the surface of the material and measu-
red its temperature. The sensors on the surface were not isolated, based on the assumption that
there were no radiation effects in the chamber. They were embedded within the sample surface
and fixed using an adhesive ribbon. This enabled an almost perfect sensor-surface adherence.
The integrated fan in the climate chamber operated at a constant and nominal flow rate. The
material was placed inside the chamber in such a way as to allow the surface x = 10 cm to be
perpendicular to the ventilation direction. The purpose of this second test was to measure the
temperature variation at the surfaces x = 0 cm and x = 10 cm. It was then compared to the
ambient air temperature.
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3.3 Experimental thermal similarities
Previously, we explained the procedure for the verification and validation of the predefi-

ned hypotheses. This step is necessary in order to control relatively the conditions of both
configurations obtained via the similarity laws. This section consists in the presentation of the
two tests that aim to verify these laws experimentally. Both test samples were from the same
formulation of hemp concrete. After the curing period, both samples were stored at 25 °C and
85% relative humidity. Therefore, we consider a reference configuration where samples are cubic
and have the size of the molds. Using the laws of similarity, we want to reduce the duration of
the test that represents the reference configuration. A reduction calls for the application of a
proportionality factor lower than 1, we chose 0 < Σ < 1. Thus, a sample having a thickness L1
was taken, then a second one was selected, and sliced to reduce its thickness to L2 such that
L2 = Σ L1 (Fig. 2.6). Next, the materials were similarly preconditioned in temperature and
relative humidity. Subsequently, they underwent a thermal stress according to two well-defined
scenarios. These scenarios must have the same amplitudes and verify the following equality :
tref
2 = Σ2 tref

1 .

Figure 2.6 – Samples for the similarity experiment

4 Uncertainty propagation in the measurements
Experimental measurements are sensitive to errors of various kinds. Some of them may

be due to the experimenter’s lack of expertise. They can also be affected by the systematic
accuracy of an equipment. It is therefore necessary to include the confidence interval in a study.
In this regard, we introduce the notion of uncertainties [134]. For similarity tests, we define the
total uncertainty as :

σ2
T ot = σ2

x + σ2
t + σ2

ϕ + σ2
Sys + σ2

Rdm + σ2
Dlt + σ2

1D + σ2
Sensor . (2.19)

The assessment of the global uncertainty σT ot is based on the evaluation of the different contri-
butions. They are explained starting with σx, which is the uncertainty associated with the
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sensor location regarding the desired measurement position :

σx( t ) = ∂T

∂x
δx . (2.20)

The temperature derivative is thus evaluated at the same position. This is possible by com-
puting the model in Eq. (2.4) using the implicit Euler method and central finite-differences.
δx represents the average error made and estimated by the experimenter when positioning the
sensor. σ x is a time function because temperature and its derivative are.

The reaction time of a sensor can also be a source of uncertainty. A sensor that requires 1
minute to measure a change in temperature is less accurate than one that takes only 10 seconds
to respond. σt is the uncertainty regarding the response time. It displays the time derivative of
temperature.

σt( t ) = ∂T

∂t
δt . (2.21)

This derivative is evaluated at the measurement position and throughout the test. It was cal-
culated using the same model as for σx. The response time is given by the term δt.

After introducing the vapor pressure and temperature model, we simplified both equations,
considering the small impact of relative humidity on temperature. This implies the omission of
the term ∇ Pv in heat and mass transfer equations [93, 135]. In order to estimate the uncertainty
due to the decoupling of temperature and vapor pressure, we evaluate the parameter σϕ.

σϕ( t ) = ∂T

∂ϕ
δϕ = ∂T

∂t

(
∂ϕ

∂t

)−1
δϕ . (2.22)

Its estimation would be based on the solution of coupled heat and mass transfer equations
[92, 136, 137]. The initial condition is the one reached by the material after the preconditioning
phase. Moreover, the boundary conditions used are the measured temperature and relative hu-
midity at the surface of the material throughout the experiment. The term δϕ is the difference
between the relative humidity at an instant t and the one at the initial state of the sensor
position.

The sensor as a conceived system is an uncertain device in terms of measurement, and re-
presents a systematic uncertainty. Indeed, the manufacturer performs calibration tests on the
sensor to define its margin of error. Thus, this uncertainty is indicated within the product re-
cord. It is constant and requires no calculation, we denote it σSys.

The random experimental uncertainty is also proposed and defined. It is obtained by the
principle of repeatability. A sample undergoing the same experiment several times, can lead
to different results. In this case, the values obtained approximate a mean value which is the
one generally retained by the experimenter. Let N be the number of tests carried out, T the
measured temperature and T̄ the average value of the measurements, the random uncertainty
σRdm is estimated as follows :

σrdm = 1√
N

√√√√ 1
N − 1

N∑
i=1

( T i − T̄ )2 , T̄ = 1
N

N∑
i=1

Ti . (2.23)

51



Furthermore, we estimate the errors resulting from the Dirichlet approximation discussed in
Section 3.2. This is performed through a sensitivity analysis regarding the surface temperature.
The uncertainty related to this hypothesis is determined by the following expression :

σDlt( t ) = ∂T

∂Ts

δTs , (2.24)

where Ts is the temperature at the surface of the material and δTs is the difference between
both air and surface temperatures at an instant t, discussed previously in Eq. (2.44). The
temperature derivative can be calculated numerically. For this, we performed a differentiation
of Eq. (2.4) according to the variable T s :

∂

∂Ts

(
ρ cq

∂T

∂t

)
= ∂

∂Ts

(
∂

∂x

(
kq

∂T

∂x

))
. (2.25)

Since temperature is twice derivable and its derivatives are continuous, we can invert the order
of the derivation (Schwartz theorem). The thermal properties are assumed constant. A new
variable θ is introduced and defined by θ = ∂T

∂T s

, so θ verifies the following equation :

ρ cq
∂θ

∂t
= ∂

∂x

(
kq

∂θ

∂x

)
. (2.26)

The equations expressing the boundary conditions of our problem are also derived according
to the surface temperature and become :

θ = 1 , x = 0 , t ∈ Ω t ,
∂θ

∂x
= 0 , x = L , t ∈ Ω t . (2.27)

Finally, at the initial state we obtain :

θ = 0 at t = 0 . (2.28)

Equations (2.26), (2.27) and (2.28) constitute a closed mathematical system that we solve nu-
merically via the implicit Euler method as well. Thus, the variable θ [−] is evaluated at all test
instants and that enables to compute σDlt.

On the other hand, the uncertainty related to Hypothesis 1 σ1D (one-dimensional transfer)
is estimated by means of the test carried out to validate it. Theoretically, the exact evaluation
of σ1D is given by the following formula [134] :

σ 1D = lim
N→+∞

( 1
N ( N − 1 )

N∑
i=1

( T i − T̄ ) 2
) 0.5

. (2.29)

where :
T̄ = lim

N→+∞

1
N

N∑
i=1

T i . (2.30)
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Figure 2.7 – Sensor positions for the evaluation of the one dimensional transfer hypothesis

N represents the number of sensors placed inside the material along the y-axis while fixing the
x coordinate (Fig. 2.7). According to Eq. (2.29), the uncertainty is exact if the positions number
is infinite. However, given experimental constraints, it is quite difficult to achieve this condition.
Indeed, the material dimension along the y-axis, which is y max = 10 cm, does not allow the
placement of more than five sensors having a 5 mm diameter. Furthermore, we restricted our-
selves to three to avoid interactions between sensors and perturbation of heat transfer. We used
temperature measurements at the three positions χ 1, χ 2 and χ 3 (Fig. 2.4). Furthermore, the
formula in (2.29) is adopted, which is normally used for the evaluation of random uncertainty,
and applied to these three positions according to Eq. (2.32). T̄ designates the arithmetic mean
of the three measured temperatures.

T̄ = 1
3

N=3∑
i=1

Ti . (2.31)

σ1D = 1√
3

√√√√ 1
2

N=3∑
i=1

( T i − T̄ )2 . (2.32)

Then, the last sub-uncertainty denoted σSensor, is defined and introduced it in Eq. (2.19). σSensor
considers the error related to the sensor rate of adherence on the sample surface. The sensor
set-up shown in Fig. 2.5, measures an area weighted mean temperature as opposite to the
surface area. This is due to the fact that the sensor is not protected against the surrounding
air, it adheres to the surface on the one hand and is exposed to air on the other. Uncertainty
σSensor is defined according to the following expression :

σSensor ( t ) = ∂T

∂TSensor
δ Sensor . (2.33)

Equation (2.33) contains two time-dependent terms. The first represents the temperature partial
derivative according to the mean temperature TSensor which is that recorded by the surface
sensor. This derivative is assessed in the same way as in Eq. (2.24). The sensitivity analysis
remains the same in this instance, while considering that the surface temperature is not that
given by the sensor. The second term is the error between the true surface temperature Ts and
that measured by the sensor TSensor. It is denoted δ Sensor [◦C] and its expression is given below :

δ Sensor ( t ) =
∣∣∣TSensor − Ts

∣∣∣ . (2.34)
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The goal is to evaluate the error δ Sensor, and for this purpose we express the temperature
measured by the sensor as the weighted mean of air and the real surface temperature denoted
T ∞ and Ts respectively. Mathematically, the sensor temperature is given in Eq. (2.35) :

T Sensor ( t ) = T s S s + T ∞ S ∞

S T ot

. (2.35)

Where S s, S ∞ and S T ot [m2] represent sensor surfaces in adherence to the sample surface,
exposed to the ambient air and the entire surface of the sensor (Fig. 2.8). These terms verify
the following equality :

S T ot = S s + S ∞ . (2.36)
Thus, we deduce the sample surface temperature :

T s = S T ot

S s

(
T Sensor − S ∞

S T ot

T ∞
)

. (2.37)

Hemp 

concrete

Sensor

Polystyrene

SSS ∞

Figure 2.8 – The set-up adopted for the temperature sensor on the sample surface. The
sensor has been increased for the illustration.

T Sensor and T ∞ are determined experimentally using the two sensors shown in Fig. 2.5. In
addition, the area terms in Eq. (2.35) are set respecting the conditions of the Hypothesis 2
experiment. Finally, this information enables us to deduce the error time variation δ Sensor and
thus the uncertainty σ Sensor at the desired position χ.

5 Results and discussion

5.1 Validation of the one-dimensional transfer (Hypothesis 1)
After the preconditioning phase, the sample was exposed to a temperature sinusoidal stress,

with an amplitude of 14°C and a mean value of 25°C, where the period Γ = 24 h. The relative
humidity was maintained at ϕ0 (Fig. 2.9). The aim is to determine the quantities or expressions
in order to assess the Hypothesis 1. We consider the heat transfer coefficient constant. Thus, in
order to obtain a similar expression to that in Eq. (2.4), we need to ensure that :

∂2T

∂y2 ⩽ ϵ , ∀t ∈ Ω t . (2.38)
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Where y is the second space coordinate and ϵ represents a constant close to zero. This derivative
can be approximated by a centered numerical scheme of second order. The approximation, at
x = x2, is given by the following relation, where ∆ y = y (χ2) − y (χ1) :

∂2T

∂y2 ≃ T (χ1) − 2 T (χ2) + T (χ3)
∆ y 2 + o ( ∆ y 2 ). (2.39)

Therefore, during an experimental test, the measurements recorded on the nodes 1, 2 and 3 are
used to verify the following equality :

T (χ1) − 2 T (χ2) + T (χ3) = 0 . (2.40)
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Figure 2.9 – boundary conditions set by the climatic chamber
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Figure 2.10 – Temperature second derivative (a) and its value distribution (b)

By means of the quantity introduced in Eq. (2.40), it is possible to evaluate the order of
magnitude of the second temperature derivative along the y axis, at each instant. Figs. 2.10a
and 2.10b illustrate the variation of this quantity, as well as the distribution of its values. This
distribution is evaluated using the calculation of the probability density P associated with the
temperature second derivative along y. The probability density P is a function of a continuous
random variable, whose integral across an interval gives the probability that the value of the
variable lies within the same interval. In this work, we adopt the Kernel distribution as a pro-
bability density function. The quantity evaluated is about 0.1 ◦C during the preconditioning
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phase. During the stress period, it varies in a sinusoidal shape between 0.1 and 0.4 ◦C (Fig.
2.10a). Figure 2.10b shows that propagation of the values is almost uniform. Indeed, the pro-
bability density varies from 10 to 20% over a large range of values. Thus, it is deduced that the
hypothesis can be confirmed with a maximum error of ϵ = 0.4 °C.

It is also possible to argue in terms of flow. The direction x is favored in transfer over the
others if ∂T

∂x
≫ ∂T

∂y
and ∂T

∂x
≫ ∂T

∂z
. With the sensors we dispose of, it is possible for example

to compare the thermal flux φ x and φ y along the x and y axis respectively. Using a first order
upward scheme at node 4, we can write :

φ y =
∣∣∣∣− k q

∂T

∂y

∣∣∣∣ ≃
∣∣∣∣− k q

T5 − T4

y5 − y4

∣∣∣∣ , φ x =
∣∣∣∣− k q

∂T

∂x

∣∣∣∣ ≃
∣∣∣∣− k q

T1 − T4

x1 − x4

∣∣∣∣ , (2.41)
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Figure 2.11 – The heat flow along the y axis related to the one along the x axis (a) and the
ratio values distribution (b).

given that ∆x = x1 − x4 = y5 − y4 = ∆y. We can define the ratio R 1, which represents the
quotient of the two introduced fluxes. R 1 is calculated as follows :

R 1 = φy

φx

. (2.42)

R 1 compares the order of magnitude of the studied fluxes. It is evaluated during the same
experiment, and its variation is shown in Fig. 2.11a. The values can be as low as 0.05 and up
to 0.09. This means that the flux along the y axis is 10 to 20 times smaller than the one along
x. This is mainly due to the fact that the x-axis direction is privileged when insulating the
surrounding faces. This aspect can be reinforced by increasing the length and increasing the
thermal insulation. Fig. 2.11b shows the distribution of the ratio values. It is around 0.075 for
a probability of 50%. In addition, a complementary investigation was developed to evaluate the
error due to the one-dimensional transfer design. A comparative numerical study was performed
between the proposed one-dimensional case and the experimental case. On the one hand, the
experimental case reproduces the realistic conditions in the climate chamber as shown on the
left in Fig. 2.12a.
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Figure 2.12 – (a) Realistic model of the experiment in two dimensions, (b) lumped
approach in one dimension

Figure 2.12b represents the lumped approach modeled in one-dimension as considered in our
work. In this case, a 4 cm polystyrene thickness and a convective coefficient h c = 5 [W.m−2.K−1]
are considered. On the other hand, the ideal case consists of considering perfectly adiabatic walls
where the heat flux equals 0 ; see Fig. 2.12b. Numerical computations of the temperature for
both cases were carried out using COMSOL software. Indeed, the method used in the experimental
design (Eq. (2.41)) is an approximation employing the following meshes ∆ x = ∆ y = 5 cm.

10 20 30 40 50 60 70

t [hours]

20

22

24

26

28

30

32

T
[°
C
]

1D

2D

Figure 2.13 – Temporal temperature evolution at the middle of the sample between the 1D
and 2D heat transfer approach
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Figure 2.14 – Temperature error evaluation at the middle of the sample between the two
approaches.

Thus, to overcome this issue we performed a numerical simulation using smaller meshes ∆ x =
∆ y = 10 −3 cm. Both materials were modeled considering 4 cm and 10 cm thickness for polysty-
rene and hemp concrete respectively. The Robin type was considered for boundary conditions
where h c = 17 W.m−2.K−1 as a conventional value and T ∞ was provided by the ambient air
sensor.

Fig. 2.13 presents the variation of temperature at the middle of the sample for both ap-
proaches. As shown in Fig. 2.13, the temperature variation when adopting the experimental
design is close to that of the theoretical 1D model. In addition, errors are noticeable, for example
at the instants t = 10, 35, 58 h. The overall error variation at the middle of the sample is given
in Fig. 2.14. The error is small and ranges from 0 to 0.04 ◦C. A second investigation consisted in
the numerical evaluation of R 1 at the same position used for measurements. Its time variation,
using a logarithmic scale, is illustrated in Fig. 2.15.
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Figure 2.15 – Variation of the heat flux ratio R 1

Notice that R 1 is smaller than the one assessed experimentally. It is almost zero during long
time sequences. In addition, there are some instants where the ratio reaches maximum values of
about 1.1 %. The choice of a mesh size equal to 10−3 cm along the x and y axis was sufficient to
obtain a numerical solution with a suitable accuracy. This was deduced by performing a study
of sensitivity according to the mesh size. In this framework, two additional simulations, where
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∆ x = ∆ y = 10−5 cm and ∆ x = ∆ y = 10−7 cm, were performed while maintaining the same
time step. The study revealed that the variation of the ratio R 1 is almost the same for smaller
mesh sizes. In terms of deviation, a maximum value of 10−8 was reached when comparing the
three variations. Thus, choosing smaller mesh sizes did not have a significant influence on the
magnitude of this numerical result. Another study was performed to analyze the heat map
of our configuration following two instants. Both heat maps are illustrated in Fig. 2.13. It is
worth noting that the isothermal lines obtained are perpendicular to the direction along x in
hemp concrete. If we focus on the insulation material, the isothermal lines have no longer this
characteristic. This means that heat transfer in hemp concrete tends to be one-dimensional.
Moreover, it is possible to confirm this by studying flux streamlines. Fig. 2.16 plots these at
the same instants. Notice that heat flux is mostly along the x direction in the studied material.

χχ
χ 
∞

χ 
∞

Figure 2.16 – Streamlines representing the heat flow direction within the hemp concrete
and the insulator at two different instants (a) t = 10 h and (b) t = 35 h

5.2 Validation of the Dirichlet approximation (Hypothesis 2)
In a realistic case, the boundary condition of a material in contact with a fluid is defined as

follows :
−∂T

∂x
= hc

k q

(T ∞ − T ) , x = 0 . (2.43)

This is the Robin boundary condition, where T ∞ [K] is the ambient temperature and hc [W/(m2.K)]
the surface heat transfer coefficient. Notice that, if hc is large or the thermal conductivity is
small, we face a situation where thermal flux is large. Thus, the equality (2.43) is possible as long
as we verify that T ≃ T ∞ at the material surface, which corresponds to the Dirichlet condition.
The two considered hypotheses for the convective thermal coefficient and thermal conductivity
can be approached experimentally. A material with high insulating potential can be chosen.
Moreover, the coefficient depends on the nature of the fluid flow and the surface imposed to the
impact. In particular, it depends on the flow velocity according to the Nusselt number. Hemp
concrete has a good insulating potential which is characteristic of hemp concrete. In addition,
we studied the condition regarding the thermal coefficient h c. Based on the position of the
sensors in the configuration (Fig. 2.5), the goal is to verify the following expression :∣∣∣T (x = 0, t) − T ∞

∣∣∣ ⩽ ϵ , ∀t ∈ Ω t . (2.44)

A preconditioning phase not being necessary, we used the same stress adopted for the validation
of the first hypothesis and shown in Fig. 2.9. The variation of both temperatures is shown in
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Fig. 2.17. We observe that the variation is almost the same as shown in Figs. 2.18a and 2.18b.
Indeed, the comparison over two different time ranges highlights the quasi-superposition of both
curves.
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Figure 2.17 – Variation of air and material surface temperatures during the preconditioning
and the stress phases
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Figure 2.18 – Air and material surface temperatures at two different experiment sequences

In addition, it was possible to evaluate the discrepancy throughout the experiment as well
as its corresponding distribution (probability density). It ranges from 0.075 to 0.225 °C (Fig.
2.19a). It was also demonstrated that it is centered around 0.15 °C as shown in Fig. 2.19b.
Under similar conditions and with regard to these results, Hypothesis 2 is validated, with an
uncertainty on surface temperature reaching 0.225 °C. Thus, δ T s = 0.225 °C.
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Figure 2.19 – The calculated discrepancy between the measured air and material surface
temperatures (a) discrepancy distribution throughout the experiment

5.3 Assessment of thermal similarity
5.3.1 Definition of the case

Calculation of the uncertainties is necessary in combination with the results of experimental
work. It helps defining the acceptable margin of uncertainty on a measured quantity. After
having introduced the seven sub-uncertainties, they are evaluated for both configurations. The
reference configuration is given using a L 1 = 15 cm thick material. This sample is exposed to
the same stress, that is presented in Fig. 2.9, where the experiment horizon is tref

1 = 72 h and
the time period Γ 1 = 24 h.
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Figure 2.20 – The equivalent boundary conditions

The equivalent configuration was based on a smaller sample with a thickness of L 2 = 10 cm.
Thus, the factor of proportionality is Σ = 2

3. By means of the expression in Eq. (2.15), a
reduced experiment duration was obtained where tref

2 = 32 h and Γ 2 = 10.66 h. The evaluation
of uncertainties was limited to the middle values of both samples x 1 = 7.5 cm and its equivalent
x 2 = 5 cm. The boundary conditions defining the two configurations are illustrated in Fig. 2.20.
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5.3.2 Evaluation of measurement uncertainties

We recall that the systematic uncertainty is 0.3 ◦C according to the manufacturer docu-
mentation. Its thermal response time is about δt = 10 s. The sensor position uncertainty is
approximately the diameter of the sensor, corresponding to δ x = 5 mm. It is worth noting that
the uncertainties σx, σt, σDlt, σ Sensor and σϕ are determined numerically. The first four are com-
puted by solving Eq. (2.4) and using the implicit Euler scheme. The space and time meshes
are given for both configurations : ∆x 1 = 1.5 10 −2 [cm], ∆t 1 = 8.3 10 −2 [h], ∆x 2 = 10 −2 [cm]
and ∆t 2 = 3.6 10 −2 [h]. Furthermore, σϕ is calculated using a coupled heat and mass transfer
model [93]. This model was computed with the finite element solver COMSOL Multiphysics.
The hemp concrete properties are issued from [72]. The random uncertainty is calculated by
running three times the experiment for each configuration, therefore N = 3. Whereas, σ1D is
evaluated based on the experimental results for the sample shown in Fig. 2.4. Its thickness
corresponds to the one of the reduced configuration sample. Thus, the results during t 2 are
adopted for the reduced configuration. In the reference case, we consider that the results in
terms of σ1D are equivalent. Finally, the experimental configuration to evaluate the hypothesis 2
(Fig. 2.8) corresponds to a surface Ss = 0.1 S T ot. This means that the surface of the sensor,
adhering to the sample, represents 10 % of its total surface. The processing of experimental
and numerical data, as well as the plotting of curves is done using the programming language
PYTHON.

Figure 2.21 highlights the time propagation of uncertainties related to the reference case at
the middle of the sample. In order to compare, note that σx and σϕ are of a significant order
of magnitude. They attain values ranging from 0.2 to 0.6 ◦C. Whereas σDlt varies in the shape
of an exponential increasing from 0 to 0.2 ◦C. In parallel, σ1D varies in a quasi-sinusoidal shape
and reaches peaks of about 0.1 ◦C. These instants correspond to the attainment of maximum
air temperatures. Conversely, this uncertainty is small (less than 0.01 ◦C) during the air-cooling
phase. On the other hand, the uncertainties related to the thermal response of the sensor and
the random aspect of the test are negligible. Regarding σ Sensor, the evolution is quite the same
between both configurations. Furthermore, each curve is almost periodic due to temperature
stress periodicity. The uncertainty is quite zero at the beginning of the experiments and reaches
a maximum value of 0.18 ◦C.

We conclude that the total uncertainty of the reference case is oscillatory, almost periodic
and varies between 0.4 and 0.8 ◦C. The reduced configuration is also approached in terms of
uncertainties. As seen in Fig. 2.21, the order of magnitude of the calculated uncertainties
remains the same. Nevertheless, there is a big difference between the reference and reduced
configuration. σx, σϕ and σRdm are as important as we decrease the dimensions of the sample.
Indeed, these uncertainties vary with the thickness of the sample. They are small for thick
materials, and large for a-thin ones. In this case, it is due to the magnitude of relative humidity
and temperature gradients. It varies differently around the equivalent positions x 1 and x 2. They
are more important in the reduced case. σt, σDlt and σ Sensor remain unchanged. Moreover, these
do not depend on the factor of proportionality Σ, so increasing or decreasing the thickness of the
sample does not influence these two uncertainties. Finally, the entire uncertainty is considerably
greater than in the reference case. It reaches a maximum of 1.25 ◦C. Figs. 2.24a and 2.24b enable
to visualize at two different time sequences the accumulated sub-uncertainty bands. Note that
the magnitude of the entire uncertainty is not negligible. Consequently, it is necessary to carry
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out a calculation highlighting the propagation of uncertainties for the experimental results.
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Figure 2.21 – Time variation of the uncertainties related to both reduced and reference
configurations. Uncertainty due to (a) the sensor position, (b) its response time, (c) the mass
transfer neglect, (d) the random aspect, (e) Hypothesis 2 and (f) Hypothesis1, (g) the sensor

adherence rate to the sample surface. (h) Deduction of the entire uncertainty.
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5.3.3 Discussion of validity of the thermal similarity

The parameters related to both tests and the boundary conditions (Fig. 2.20) were well
defined in the previous section. The validity of the thermal similarity between the experimental
results will be carried out on x 1 and x 2. The time variation in temperature at x 1 and x 2 in the
dimensionless domain is shown in Fig. 2.22. We have approximately a good agreement between
the similar cases and note that both curves have the same shape.
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Figure 2.22 – Variation in temperature at x ⋆ = 0.5 [−] in the equivalent configurations.
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Figure 2.23 – Time variation in temperature at x ⋆ = 0.5 [−] during four different sequences.
The dashed lines represent the entire uncertainties that correspond to each configuration.

Nevertheless, there are instants where the discrepancy increases relatively. These moments
correspond to the minimum or maximum air temperature. This difference in magnitude could
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be interpreted in several ways. The water content in the samples may not be the same. Indeed,
the thermal conductivity increases with water content. In our case, the reference sample would
be more humid, as it reaches greater limits than the one representing the reduced case. The
micro-structure and the pore distribution may also be the source of these discrepancies. A more
porous material has lower thermal conductivity due to the presence of air. In order to include the
calculated uncertainties in the experimental measurements, we focused more on sequences with
a large discrepancy. This is illustrated in Fig. 2.23. It compares some experimental results while
embedding the related entire uncertainties. The measurements are represented in a straight line.
Moreover, the interval delimited by the dotted lines represents the range of the calculated entire
uncertainty. During four different sequences, the uncertainty intervals for each configuration
match within areas of different magnitudes.
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Figure 2.24 – Temperature variation at two given time sequences for the reference case (a),
and the reduced one (b) with the corresponding confidence intervals : sensor position σ x,

mass transfer influence σ ϕ, sensor calibration σ Sys and the remaining uncertainties
σ t + σ Rdm + σ Dlt + σ 1D + σ Sensor.
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Figure 2.25 – Temperature discrepancy and entire uncertainty between the configurations
and the corresponding distributions

Regarding both experiments, the discrepancy reaches a maximum of about 1.5 ◦C as shown
in Fig. 2.25a. On the other hand, the probability density shows a certain uniformity in the
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discrepancy distribution (Fig. 2.25b). The value 1.5 ◦C is largely justified by means of the
calculated uncertainties σTot 1 and σTot 2. Indeed, σTot 1 + σTot 2 is plotted with the discrepancy
in the same Figure. Notice that the sum of both entire uncertainties is above the observed
discrepancy most of the time. It ranges from 0.6 to 2 ◦C with an average of about 1.5 ◦C. (Fig.
2.25b).

5.4 Discussion and further remarks
In order to carry out a similarity experiment, it is essential to control the conditions of

equivalent configurations. The experimental results confirm the similarity law within a given
margin of error (Fig. 2.22). Indeed, discrepancies during some sequences were observed. These
instants correspond to large temperature gradients. Discrepancies result mainly from certain
experimental imperfections. In this study, the use of similarity laws was limited to a one-
dimensional heat transfer case using a thermal insulator. In a more general case, similarities
could also be applied to a three-dimensional case. As an example, a non-insulated cubic sample
exposed to a thermal stress, can be the basis of a similarity study. Indeed, the governing
equations and the dimensionless formulation are written this time according to three space
dimensions L x, L y and L z. As a result, the Fourier number concept is extended. Thus,
similarities between two different configurations are written according to Eq. (2.45) :

Fo 1
x = Fo 2

x , Fo 1
y = Fo 2

y , Fo 1
z = Fo 2

z . (2.45)

where :
Fo x =

k ref
q t ref

c ref
q L 2

x

, Fo y =
k ref

q t ref

c ref
q L 2

y

, Fo z =
k ref

q t ref

c ref
q L 2

z

. (2.46)

In addition, these laws can be applied to other types of boundary condition. In this study, the
type Dirichlet was adopted to represent the conditions at the surface where x = 0. Dirichlet
is the simplest type to model since temperature is assumed known at the surface. As for the
Neumann type, an incident heat flux φ [W.m−2] is considered. In this case, similarities involve,
apart from Fourier, a second dimensionless number, defined via Eq. (2.47) :

φ ref L

k ref
q T ref

. (2.47)

Regarding the Robin type, it represents the most realistic boundary condition. It involves two
following parameters : air temperature and a surface heat exchange coefficient h c. Similarities
can also be applied in this case. If we ensure the same variation of air temperature in both
configurations, then these laws can be expressed through Eq. (2.48) :

Fo 1
q = Fo 2

q , Bi 1
q = Bi 2

q . (2.48)

The Biot number Bi involves h c according to the following expression :

Bi q = h c L

k ref
q

. (2.49)

In this case, if we assume the use of the same material in similarity tests, thus resulting in
k ref

q 1 = k ref
q 2 , we obtain the following result :

h 1
c = h 2

c Σ , where Σ = L 2

L 1
. (2.50)

66



Clearly, imposing a factor of proportionality such that Σ ̸= 1 means that the experiments must
be represented by two different thermal coefficients h 1

c and h 2
c . In this respect, the knowledge

of this coefficient requires a complete characterization of the employed climate chamber, which
leads to additional challenges. Indeed, the characterization depends on certain parameters such
as the chamber size, air thermal properties as well as the flow velocity. Given that the chamber
nor the fluid were changed, a variation of this coefficient could be caused only by an air velocity
variation. It is therefore necessary to establish a law expressing h c according to air velocity.
Through this, it would be possible to fix the desired coefficient h c by varying the flow velocity,
which represents another challenge. Finally, this method would require a major investigation
for cases considering a realistic boundary condition such as Robin.

Furthermore, there are uncertainties that can not be reduced. These are the ones related
to the precision and response time of used equipment (sensors, measuring devices). There is
also the random uncertainty which is due to the space variability of a material. In addition,
the positioning of sensors induces also an unavoidable uncertainty that is proportional to the
diameter of the sensor. On the other hand, other uncertainty sources can be controlled. In our
case, they are the ones resulting from the three hypotheses initially set out. It was noticed that
the effect of mass transfer on temperature is not quite negligible, and this was confirmed via the
assessment of the uncertainty related to this hypothesis. The computation of this uncertainty
was performed by means of Comsol Multiphysics. It is a numerical simulation software based on
the finite element method. This software allows to simulate many physics and engineering ap-
plications, and especially coupled phenomena or multi-physics simulation. The last mentioned
uncertainty was the predominant of the problem with values approaching 1 ◦C. Therefore, it
would be important to define similarities taking into account the coupling of heat and mass
transfer phenomena. This also requires a good control of the material initial moisture state and
moisture boundary conditions.

Due to the heterogeneity of the material, it was not that easy to overcome fully the un-
certainty due to the one-dimensional transfer hypothesis. The heat flux is slightly smaller in
the directions with more pores. Moreover, the presence of air decreases the thermal conducti-
vity in these areas. Another important factor is the order of magnitude of the involved thermal
conductivity. Indeed, the magnitude of this property is very similar between hemp concrete and
polystyrene with the following values 0.100 and 0.032 W.m−1.K−1. On the other hand, the un-
certainty related to this hypothesis can be reduced by improving the insulation of the material.
This uncertainty will persist unless one of the two following possibilities is verified experimen-
tally. The thermal conductivity of the insulator equals zero. The second possibility requires
the use of an insulator with an infinite thickness. With only 4 cm, the one-dimensional transfer
hypothesis was acceptable. The validation of the latter was based on a study which compared
the real experimental approach and the lumped one representing a perfect one-dimensional
case. In the above-mentioned investigations, analysis of temperature profiles was performed as
well as the observed discrepancies. Heat maps and flux streamlines in experimental approach
were discussed.

Moreover, it would be more appropriate to choose the right type of boundary conditions
to better control similarity tests. Indeed, we emphasize that only air temperature is control-
led in contrast to the one of the surface. Thus, we would not have necessarily a similarity in
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terms of surface temperatures, which is something that must be ensured. In order to control
this temperature, suitable heating plates could be used, which adhere to the surface of the
material. However, it would not be possible to vary it according to a variable time scenario.
On the other hand, we ensure its perfect control. It would also be possible to use the Robin
condition to control better climate scenario similarities, by varying the convective coefficient h c

in both configurations. This would be possible through the use of a climate chamber controlling
not only air temperature and relative humidity, but also the flow rate of fans and thus the
airflow velocity. Afterwards, similarity was established based on an additional assumption. It
was assumed that the two samples used for tests have the same porosity. In reality, it was
shown that hemp concrete has a porosity of about 72% [41]. Nevertheless, there is a margin of
uncertainty related to this value. The latter can be estimated through reproducibility, which
consists in evaluating the porosity of several samples issued from a same material. As a result,
both samples have porosity around the mentioned value but slightly different. In this case, the
heat transfer coefficient and density, which are directly correlated to porosity, are not exactly
the same. Thus, it would have been possible to include this additional source of uncertainty in
this study, by carrying out an analysis of sensitivity regarding these two coefficients.

Lastly, when analyzing the literature, it was important to find studies where the validity
of similarities had been investigated experimentally on a similar problem. A relevant study,
that combined experimental (reduced configuration) and numerical approaches (real configura-
tion), assessed the accuracy of these laws on a heat and mass transfer problem [96]. The real
system corresponded to a multi-layer wall which was exposed to the climate stress of Tokyo
during two years. Subsequently, this configuration was reduced by proposing 0.2 as factor of
proportionality. The analysis of temperature results showed that both configurations led almost
to equivalent variations. In this regard, results were satisfying with a maximum deviation of
1 ◦C. This discrepancy could be due to an uncertainty on both convective and radiation coeffi-
cients in the reduced configuration. In terms of comparison, there are some reasons that would
not allow to confront correctly the results of this reference to those of our article. Differently
from the heat equation, the model in [96] considers moreover the coupling with mass transfer,
and water activity was the driving potential. Furthermore, the boundary conditions are not
the same, i.e. the Robin type was adopted while considering convective and radiation effects.
Finally, the nature of the materials constituted a third factor. Indeed, a composite material,
highly heterogeneous and with high porosity was used in our study. Meanwhile, the mentioned
research employed ordinary materials with medium porosity. In addition, it is worth noting that
the heterogeneity of a material and its pore distribution can impact significantly the results
of two similar configurations. In other words, the larger is the space variability of macroscopic
properties, less identical are the material samples that are selected to carry out a similarity
experiment.

6 Conclusion
The conclusions of the work are the following :

1. Certain experimental protocols, related to transfer phenomena, entail a long period. These
tests can last several months [102]. In order to address this problem and reduce the du-
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ration of experimental campaigns, the laws of similarity were used for a heat conduction
problem. It enabled the reduction of a reference configuration by means of a reduced
version. This study aimed to assess the validity of these laws through an experimental
analysis. Based on similarities, an equivalent configuration was obtained verifying the
factor of proportionality Σ. The duration of this configuration was therefore reduced by
Σ 2. The one-dimensional transfer was ensured in both cases through the use of thermal
insulation on the surrounding faces. Subsequently, the two configurations underwent si-
milar thermal stress where both duration are proportional according to Σ 2.

2. During both experiments, the aim was to measure and compare the temperature in equi-
valent positions. In order to discuss the validity of similarity, a complete evaluation of
uncertainties was carried out. Uncertainties on sensor position, sensor response time, mass
transfer effect, the systematic accuracy, the random aspect, the one dimensional transfer
hypothesis, the modeling of a boundary condition and the one related to the adherence
rate of a sensor were evaluated. The measurements in both configurations showed an ac-
ceptable agreement. The calculated discrepancy between equivalent fields of temperature
reached 1.5 ◦C as a maximum value. It was often observed at instants corresponding to
high air temperature gradients.

3. In terms of uncertainties, the analysis showed that σ x and σ ϕ are the most preponderant
ones. It was also demonstrated that the entire uncertainty is greater in the reduced confi-
guration compared to the one in the reference. Finally, the time variation of both tests
induced non negligible discrepancies which were justified by means of entire uncertainties.
Indeed, the sum of the latter for both configurations is much greater than the measured
discrepancy.

4. The validity of thermal similarities is relatively confirmed as long as the hypotheses of the
model are well controlled. Furthermore, these laws could also be extended to the coupled
heat and mass transfer model and be verified for both temperature and relative humidity
fields. In this regard, an important assumption concerns the material properties. It is as-
sumed that thermal conductivity and heat capacity do not change in both configurations.
This assumption is acceptable for heat transfer properties but requires further investiga-
tion for coupled heat and mass transfer, particularly for building materials with complex
micro-structures such as hemp concrete. For this reason, the extension of similarity for
coupled heat and mass transfer in porous building material should be demonstrated.
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Chapitre 3

Experimental assessment of the
similarity law for a one-dimensional
coupled heat and water vapor diffusion
in hemp concrete

Abstract
Similarity law is a mathematical mapping that aims to set up equivalences between different

configurations regarding the involved physical parameters, space dimensions and the duration
of the configuration. These equivalences are defined by means of the dimensionless formulation
of the physical model that describes a phenomenon. This concept is widely adopted in some
scientific fields, notably in computational fluid dynamics. In heat and water vapor diffusion,
similarities are applicable theoretically on configurations distinct in terms of material, space
dimensions, duration or even imposed stress magnitude. It is worth noting that these are slow
kinetic phenomena. In this regard, this study aims to verify similarities experimentally while
using hemp concrete and reducing the duration of a reference experiment. Before performing
measurements, two main limitations are fixed. First, by means of an experimental design, heat
and moisture transfer are assumed one-dimensional. In addition, Dirichlet boundary conditions
are considered at the surface that is exposed to ambient air. Mainly, temperature and relative
humidity are measured at the quarter and middle of the material in order to compare the
two similar configurations. Afterwards, an uncertainty study is carried out in order to discuss
and justify the observed discrepancies. Following a deterministic approach, this investigation
considers five sub-uncertainties which are related to : the calibration of used sensors, their
positions, time of response, randomness of an experiment and the boundary condition modeling.
Results show a good agreement between the reference and reduced configurations. Indeed, the
discrepancies between both are entirely within the calculated confidence intervals.
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Highlights
1. Similarity laws are verified in the framework of a one-dimensional heat and water vapor

diffusion problem through an experimental campaign.
2. Two configurations of hemp concrete samples, equivalent in terms of similarity laws, are

exposed to thermal and hydric stress.
3. Temperature and relative humidity at equivalent positions in both samples are measured

and compared.
4. A detailed uncertainty investigation is proposed to discuss the reliability of the observed

discrepancies.
5. The comparison of discrepancies and entire uncertainties show a good agreement between

the reference and reduced configurations.

Keywords
Heat conduction and water vapor diffusion, similarity analysis, porous material, experimen-

tal bench-marking, uncertainty quantification.

1 Introduction
Worldwide, the building sector is responsible for a consumption of 44 % of global energy. A

significant part of building losses is due to the behavior of the envelope. Therefore, a decrease
in the energy consumption of a building relies partially on the understanding of interactions
between building outdoor walls and external environment, specifically for recently introduced
bio-based materials. Explicitly, studies on thermal and water vapor diffusion through construc-
tion materials, highlight the necessity of considering the thermal and hydric response of a buil-
ding in regard to variable climate stress. These phenomena are highly coupled and governed by
second order differential equations which are derived from heat and water amount conservation
formula [93]. Moreover, these diffusion are complex phenomena that occur slowly, especially
the one of water vapor. The slow kinetic is related to the nature of moisture diffusion which is
a transport phenomenon, where water can migrate only trough open pore networks in liquid
and vapor forms. The tortuosity of a material, which is a property defining the complexity of
its micro-structure, influences as well water transport. In this respect, a bio-based material is
known by a high heterogeneity and micro-structure complexity as a composite media. Based
on the latter, it is important noting that the long kinetic of heat and water vapor diffusion
represents a serious experimental issue, which should be faced.

The hygrothermal behavior of construction materials is widely investigated using approaches
based on experimental designs and numerical simulations. Some of the references cited in the
literature review carried in [138] can be mentioned specifically. According to [139], the study
provides data-sets for validating one-dimensional heat and moisture diffusion models step by
step, gradually increasing the complexity of a multi-layer wall with hygroscopic components
and using variable climate stress. Furthermore, the influence of sorption curves dependence
on temperature is investigated on the hygrothermal behavior of hemp concrete [140]. Another
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study [141] highlights the experimental characterization of moisture, heat, physical and mecha-
nical properties of a recycled expanded polystyrene mortar. The experimental characterization
is conducted also on a cement paste in order to evaluate the insulator adding impact. After-
wards, numerical results are compared to a 85-day experiment in[30]. Generally, these works
involve experiments which aim either to confront numerical models of heat and water vapor
diffusion or to propose a data set serving as bench-marking. However, these studies analyze the
diffusion phenomena during short periods. A more meaningful and challenging approach would
be to perform long-term experiments (years) to discuss further the hygrothermal behavior of
porous materials.

One of the solutions would be the use of similarities. It aims to set an equivalence between
two or more distinct configurations. This mapping relies on the scaling of the model that is used
for a theoretical prediction of a studied phenomenon. Afterwards, the equivalence is defined ba-
sed on a set of dimensionless numbers, each describes generally an aspect that is associated
to the phenomenon. For example, a study [142] analyzes the use of dimensionless numbers,
such as the Buningham and plastic ones, in the context of viscoplastic materials. According to
the latter, some number sets are preferable to others in order to explore the solution space.
Generally, similarity is helpful in diverse scientific fields [143] such as structure resistance, com-
putational fluid dynamics, acoustics, aerodynamics, ocean engineering [144] and mechanics. In
fluid dynamics for example, the purpose is mainly to compare several fluid flows thanks to a
set of dimensionless numbers. The authors in [145, 146] established a similarity theory for heat
transfer at super-critical pressures in order to find similar phenomenological behaviors while
considering different fluids. In addition, a scale analysis was carried out to develop relationships
among physical and geometrical parameters for two types of coil cavity receivers [147]. Herein,
the effects of scaling on the performance of a solar receiver is addressed in order to discuss the
possibility of extending small designs to large-scale models. Moreover a study, from a different
scientific field, proposes a method to relate models and prototype made with different materials,
while considering small thickness distortions [148]. This approach is useful to evaluate the be-
havior of a plate structure against impulsive loading. In addition, similarity is applied to study
the acoustic radiation of flat orthotropic flexural panels [80]. The paper assesses the validity of
similarity on rectangular panels radiating sound in a semi-infinite light fluid medium. As for
aero and hydrodynamics, large structures such as aircraft or wind turbines are pre-studied on a
small scale [149, 150] and then designed using similarities. Subsequently, a similarity law of flow
rate for ventilated hot-gas super cavity flows is found and described in [151]. The originality lied
on water phase changes, whose effects were evaluated on similarity and the modeling scheme.
Following another study [152], similarity is investigated on external flow field and internal heat
transfer. Particularly, the law is verified by proposing a real aircraft and its scaled models. The
results showed a good agreement between the scaled model and the real aircraft. Moreover,
a dynamic similarity theory is introduced into a gear transmission system [153]. Particularly,
the scale model is designed for the dynamic response. Thereafter, it is validated by free and
forced vibration response. Authors in [154] carried simulations and a similarity model test to
investigate the failure mechanism of a rock mass around the mined-out area above the high way
tunnel. A law is revealed which could be significant for guiding similar engineering constructions.

In addition, heat and moisture diffusion through construction porous materials is a field
where, to our best knowledge, a few works used similarity laws. In this respect, an annual
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moisture variation in a building wall is studied under a mild climate, employing a small-scale
model and similarity [96]. In this investigation, an experimental design is proposed, using a
wall small-scale model and similarity laws which are based on heat and moisture diffusion
equations. Similarity is used to confront numerical results (standard configuration) to those of
an experiment, which is an equivalent small-scale model. Lastly, the experimental validity of
similarity is assessed for a heat conduction problem according to [155]. The study highlights
the reliability of these laws on two similar experiments. For this purpose, temperatures inside
materials are measured and confronted. First experiment (reference) lasts 72 h and the second
(reduced) endures only 32 h. Based on the good agreement of measurements, the utility of such
laws to reduce the duration of long heat diffusion experiments is evidenced. Focusing always
on heat and moisture diffusion investigations, a study [94] deals with similarity to assess these
phenomena while considering 49 types of material. Similarity was obtained if the dimensionless
numbers related to the problem were equal from one configuration to another. Therefore, all
cited studies showed that similarities might have a significant role when addressing an expe-
rimental work to reduce its duration. Besides, it is important to underline that similarity is
validated in the literature only for heat diffusion within porous construction materials.

The present work ensures a continuity of [155], and consists in extending the validity of
similarity to a more general case. It proposes an experimental methodology that verifies the
validity of similarity of a one-dimensional heat and moisture diffusion phenomena within porous
building materials. In particular, the paper aims to verify the reliability of this law in main-
taining the same results, between two configurations different in duration. The comparison is
performed using measurements at similar positions and time instants. Resulting experimental
discrepancies are quantified and discussed, based on the assessment of uncertainties. This step
is meaningful since it is unknown whether a discrepancy is within the confidence range. Mostly,
an experimental similarity is reliable within a margin of error which can be interpreted by
identifying the main constraints, hypotheses, and calculating the corresponding uncertainties.

The structure of this work is defined as follows. Section 2 proposes the physical model which
is adopted to study heat and moisture diffusion in a porous material. In addition, it describes
the dimensionless formulation of the problem, which will help defining the similarity laws. Af-
terwards, Section 3 presents the experimental facility that is used to assess the validity of an
important assumption (Dirichlet condition modeling) as well as the reliability of similarity. Sub-
sequently, Section 4 defines a detailed methodology to assess the propagation of uncertainty
during a heat and moisture diffusion experiment. Thereafter, Section 5 highlights the results
related to Dirichlet condition modeling assumption, both experiment uncertainty and the com-
parison of measurements in the standard and the reduced configuration. This section discusses
additionally the experimental validity of similarity. Finally, a conclusion is given in Section 6
which suggests future investigations to improve the reliability of these laws.

2 Methodology

2.1 Assumptions of the study
Before defining the mathematical model that represents the coupled phenomena of heat and

moisture diffusion, this section outlines the fixed assumptions for the remaining parts of this
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work. The assumptions are the following :
• Heat and moisture diffusion are one-dimensional.
• Heat and moisture boundary conditions at the surface are modeled according to Dirichlet

type.
• Material intrinsic properties do not depend on temperature.
• The micro structure of the material are considered equals (from an averaged point of

view) between two similar configurations. Thus, properties and their variation laws are
considered the same for the two similar configurations.

• The phenomenon of hysteresis is neglected and the variation of water content according
to relative humidity is based on the averaged isotherm sorption curve.

• Systematic uncertainty is constant and assumed independent of the location and the
instant of a measurement.

• The assessment of random uncertainties is approximated by using N = 3 samples in each
configuration.

First and second assumptions have major importance in regards to the validation of similarity
laws, so they will be discussed in the results.

2.2 Mathematical model
This part is dedicated to the definition of the equations that govern the coupled heat and

moisture diffusion in porous media [156, 157]. The problem considered in this study follows
a macroscopic approach based on the representative element volume [158]. In this respect,
phenomena at the microscopic scale are averaged [159, 160] and convection is neglected due to
low velocity fields in the pores of building materials and the size of these pores. Temperature
T [◦C] and vapor pressure P v [Pa] are the driving potentials of this model. These two variables
are strongly coupled and thus impact each other. The problem is written for a one-direction
diffusion according to the Equations (3.1) and (3.2) :

C m ρ
∂P v

∂t
= ∂

∂x

(
( k l + k v ) ∂P v

∂x
+ k T

∂T

∂x

)
+ β

∂T

∂t
, (3.1)

C p ρ
∂T

∂t
= ∂

∂x

(
( λ + h l k T ) ∂T

∂x
+ α

∂P v

∂x

)
, (3.2)

where ρ [kg.m−3] designates the material density and is expressed as follows :

ρ = (1 − n) ρ s + n S l ρ l . (3.3)

Where n [−] is the porosity of the material, ρ s [kg.m−3] density of solid matrix, S l [−] the degree
of saturation in water, ρ l [kg.m−3] water density. C p [J.kg−1.K−1] is the global heat capacity. It
is the combination of the specific heat of the material in the dry state C p s [J.kg−1.K−1] and
that of water in the pores of the medium C p l [J.kg−1.K−1]. It is expressed as follows :

C p = ( 1 − n ) ρ s C p s + S l n ρ l C p l

( 1 − n ) ρ s + S l n ρ l

. (3.4)

Furthermore, C m [Pa−1] represents the moisture storage capacity and is obtained via the iso-
therm adsorption and desorption curves. These curves illustrate the variation of water content
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w [−] according to relative humidity ϕ [−] within the material and at a constant temperature
[161]. Let assume that the variation of water content, according to relative humidity within the
material, is determined at a constant temperature. On the other hand, it is also assumed that
the sorption curve is obtained by averaging those of adsorption and desorption. The isotherm
curve during the wetting and the drying of a porous material is not the same, this is due to the
hysteresis phenomenon. The physical modification of the material, caused by water outflow, is
responsible for this phenomenon. It is usually induced by the non-uniformity of pores geometry.
In order to simplify the problem, this phenomenon will be neglected in the study assumption 5.
Thus, the moisture storage capacity is defined as follows :

C m ( P v , T ) = 1
P sat ( T )

∂w

∂ϕ
. (3.5)

Where P sat [Pa] represent the saturation pressure and is given by Antoine’s law as follows :

P sat ( T ) = P ◦
sat

(
T − T c

T d

) p

, T ≥ T c , (3.6)

given that P ◦
sat = 997.3 Pa, T c = 159.5 K, T d = 120.6 K and p = 8.275. Afterwards, k v [s] is

water vapor permeability. It describes the transport of the water vapor form due to a vapor
pressure gradient. This coefficient generally depends on water content and temperature. In this
case, it is assumed constant. In addition, Equation (3.1) introduces three other coefficients k l [s],
k T [kg.m−1.s−1.K−1] and β [kg.m−3.K−1]. According to the model, they are defined as follows :

k l ( P v , T ) = κ l
R T ρ l

M P v

. (3.7)

k T ( P v , T ) = k l R ρ l

M

(
T

∂ ln ϕ

∂T
+ ln ϕ

)
. (3.8)

β ( P v , T ) = ρ s C m
P v

P sat

∂P sat

∂T
. (3.9)

Where κ l [s] is the liquid conductivity. R [J.mol−1.K−1] is the ideal gas constant and the molar
mass is given as M [kg.mol−1]. k T represent the moisture transport coefficient due to a tempera-
ture gradient. Furthermore, heat diffusion is primarily governed by the the material conduction
that is defined by the coefficient λ [W.m−1.K−1]. It generally depends on temperature and wa-
ter content. However, this coefficient varies slightly with temperature. Therefore, only water
content is considered in its expression, which is given below :

λ = n λ l S l + (1 − n) λ s . (3.10)
Where λ s [W.m−1.K−1] and λ l [W.m−1.K−1] represent the material thermal conductivity at its
dry state and the one of water. Note that Equation (3.10) underlines that the thermal conduc-
tivity of a porous material depends only on the saturation degree in water or water content in
other words. It is worth noting that certain properties depend on temperature such as λ, k v,
k l. However, unlike water content, these properties vary slowly according to temperature. In
addition, the range of temperature variation is reduced in building physics, which is not the
case in other scientific fields where temperature reaches higher thresholds. Hence, it is further
considered that intrinsic properties do not vary according to temperature , which corresponds
to the assumption 3. Moreover, h l [J.kg−1] is the water mass enthalpy. Notice that heat diffusion
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is also impacted by the presence of water within the open porous network. This fact is quan-
tified by α [W.m−1.Pa−1] which is a heat diffusion coefficient due to a vapor pressure gradient.
Its expression is given as follows :

α ( P v , T ) = h l ( k l + k v ) + L v k v .

α indicates the heat fraction transmitted as latent energy due to water vapor [162, 163]. This
is evidenced via the water vapor permeability k v and the latent heat of vaporization L v.

The upcoming study is carried out based on two hypotheses. On the one hand, the diffusion
is considered one-dimensional along the x-axis for example. This is the first model assumption.
It is possible to approximate the uni-directional flux condition. This is achieved by imposing a
high thermal or moisture resistance along other diffusion directions. Materials with low thermal
conductivity or water vapor permeability help limiting heat and moisture diffusion. Moreover,
this assumption can also be approximated by considering the material a semi-infinite medium.
For the rest of this study, it is chosen to use an insulating material and another one with a
high water vapor sealing in order to ensure this first assumption. Space and time domains are
defined by Ω x = [ 0 , L ] and Ω t = [ 0 , t f ] respectively. L represents the material dimension
along the diffusion direction. We introduce λ ef [W.m−1.K−1] the effective thermal conductivity
and k m [s] the material total mass permeability. These two coefficients are expressed as follows :

k m = k v + k l . (3.11)

λ ef = λ + h l k T . (3.12)
Initially, temperature and vapor pressure fields are known in the material. They are positive
functions defined in the spatial domain Ω x = [ 0 , L ]. In our case, material initial vapor pressure
and temperature are assumed constant. The initial condition is written as follows :

∀ x ∈ [ 0 , L ] , P v ( x , 0 ) = P v 0 , T ( x , 0 ) = T 0 . (3.13)

Where P v 0 and T 0 are the material vapor pressure and temperature at the initial instant respec-
tively. It is important to remind that these last two quantities will represent the characteristic
quantities related to temperature and vapor pressure, in the dimensionless formulation part.
Regarding the boundary conditions, they can be constant or vary in time. In the case of this
study, the face corresponding to x = 0 is exposed to time-dependent heat and moisture stress.
Hereafter, we consider that temperature and relative humidity at this surface are identical to
those of ambient air T ∞, ϕ ∞. This is the Dirichlet-type boundary condition, which will be
the second assumption. At the exposed surface, temperature and vapor pressure are stated as
follows :

∀ t ∈ [ 0 , t f ] , x = 0 P v ( t ) = P ∞
v ( t ) , T (t) = T ∞ ( t ) . (3.14)

Furthermore, admit that the material is perfectly insulated Figure 3.1 and sealed against mois-
ture on its last five faces. Thus, heat and water vapor diffusion are negligible on the other side
of the material. This allows to write :

∀ t ∈ [ 0 , t f ] , x = L
∂P v

∂x
( t ) = 0 ,

∂T

∂x
( t ) = 0 . (3.15)
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Figure 3.1 – The boundary conditions assumed in the model

In the next section, the dimensionless formulation of the problem is addressed. The aim is
to obtain dimensionless equations that are independent of a given configuration. This operation
is essential to obtain dimensionless numbers. These latter will be the basis for the definition of
the similarity laws required for the formulated problem.

2.3 Dimensionless formulation
The dimensionless formulation of an equation [94, 104] requires first the definition of certain

characteristic values. Afterwards, each problem variable will be reported to one of these values.
For this purpose, we choose the following constants as the characteristic space and time values,
L the material thickness and t f experiment duration. Therefore, the first two dimensionless
variables are deduced :

x ⋆ = x

L
, t ⋆ = t

t f

. (3.16)

In parallel, characteristic vapor pressure and temperature are the ones of the material at the
initial state P v 0 and T 0. Likewise, we obtain :

u = P v

P v 0
, v = T

T 0
. (3.17)

Finally, all characteristic material properties are also the ones evaluated at T = T 0 and P v =
P v 0. Their dimensionless formulation is given as follows :

ρ ⋆
s = ρ s

ρ s 0
, C ⋆

m = C m

C m 0
, k ⋆

m = k m

k m 0
, k ⋆

T = k T

k T 0
, (3.18a)

β ⋆ = β

β 0
, C ⋆

p = C p

C p 0
, λ ⋆ = λ ef

λ ef 0
, α ⋆ = α

α 0
. (3.18b)

Taking into account the scaling made on the variables of the problem, the dimensionless for-
mulation of the equations (3.1) and (3.2) is given :

C ⋆
m ρ ⋆

s

∂u

∂t ⋆
= Fo m

∂

∂x ⋆

(
k ⋆

m

∂u

∂x ⋆

)
+ Fo m δ

∂

∂x ⋆

(
k ⋆

T

∂v

∂x ⋆

)
+ η β ⋆ ∂v

∂t ⋆
, (3.19)

C ⋆
p ρ ⋆

s

∂v

∂t ⋆
= Fo q

∂

∂x ⋆

(
λ ⋆ ∂v

∂x ⋆

)
+ Fo q γ

∂

∂x ⋆

(
α ⋆ ∂u

∂x ⋆

)
. (3.20)

77



The dimensionless equations introduce constant and characteristic numbers [164]. First, Fourier
numbers that are related to the kinetics of heat and moisture diffusion. Their expressions are
given as follows :

Fo m = k m 0 t f

ρ s 0 C m 0 L 2 , Fo q = λ ef 0 t f

ρ s 0 C p 0 L 2 .

Fourier numbers represent the part of heat or moisture flux that is transmitted through the
material compared to the stored heat or moisture. Differently, it is the ratio of the diffusive
transport to the rate of storage. Moreover, three other characteristic numbers appear in equa-
tions (3.19) and (3.20). By definition, they describe the effect of heat or moisture diffusion on
each other.

δ = k T 0 T 0

k m 0 P v 0
, γ = α 0 P v 0

λ ef 0 T 0
, η = T 0 β 0

P v 0 C m 0 ρ s 0
.

According to Equation (3.19), notice that the influence of heat on moisture diffusion is described
by δ. If δ < 1, the impact of heat on moisture diffusion is minor compared to the moisture flux
driven by vapor pressure. In parallel, when γ < 1, the impact of moisture on heat diffusion
is minor compared to the heat driven by temperature. Finally, the number η is a coupling
parameter for the dynamics of heat over moisture diffusion. The dimensionless formulation is
applied also on the defined initial and boundary conditions. u and v are initially defined as
follows :

∀ x ⋆ ∈ [ 0 , 1 ] , u ( x ⋆ , 0 ) = 1 , v ( x ⋆ , 0 ) = 1 .

In addition, the new boundary conditions are given as follows :

∀ t ⋆ ∈ [ 0 , 1 ] , x ⋆ = L
∂u

∂x ⋆
= 0 ,

∂v

∂x ⋆
= 0 .

∀ t ⋆ ∈ [ 0 , 1 ] , x ⋆ = 0 u = u ∞ , v = v ∞ .

After formulating the whole problem into a dimensionless form, we reach a configuration, where
the quantities u and v do not depend anymore on the parameters of the physical model. Only
the characteristic numbers are used to evaluate the variation of these fields. Consequently, the
concept of similarity laws is introduced. The following section will thus consist in defining these
laws and presenting their applications in fields of applied physics.

2.4 Similarity laws on heat and moisture diffusion
In order to apply these laws, two different configurations indexed by 1 and 2 are introduced.

The first configuration is defined by the space domain Ω 1
x = [ 0 , L 1 ] and time domain Ω 1

t =
[ 0 , t f 1 ]. The same for the second one where Ω 2

x = [ 0 , L 2 ] and Ω 2
t = [ 0 , t f 2 ]. Where L 1 and

L 2 represent the thicknesses of the material in configuration 1 and 2 respectively. Likewise for
t f which represents the duration of an experiment. Based on the latter, two configurations are
stated similar if the dimensionless formulation of the problem is identical in both cases. This
implies that the dimensionless numbers are equal in both configurations. Thus, it is deduced
from Eqs. (3.19) and (3.20) the following :

Fo m 1 = Fo m 2 , Fo q 1 = Fo q 2 , (3.21a)
δ 1 = δ 2 , γ 1 = γ 2 , η 1 = η 2 . (3.21b)
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In our study, the cases consist of two samples representing the same material and initially
conditioned at the same temperature and vapor pressure. This implies that :

T 0 1 = T 0 2 , P v 0 1 = P v 0 2 .

Not changing the material from one configuration to another helps setting the assumption 4.
Thus, notice that the equality on numbers δ, γ et η in Equation 3.21b is guaranteed . Moreover,
the equivalence on heat and moisture Fourier numbers enables to obtain :

t f 1

L 2
1

= t f 2

L 2
2

. (3.22)

Recalling that the properties ρ s 0, k m 0, C m 0, λ 0 and C p 0 are considered equal in both confi-
gurations.

(T , Pv )

(T , Pv )

L1

x = x 1 L 1 t = t 1 t f 1

x 2 = x . L 2
t 2 = t . t f 2

���, ���, � ,� , η

Configuration 1

Configuration 2

L2

t 1

t 2

Figure 3.2 – The mapping between two configurations 1 and 2.

Remark that similarities create space-time equivalences between configurations. In this regard,
the similarity proportionality factor Σ is defined which is a length ratio and defined as follows :

Σ = L 2

L 1
. (3.23)

When Σ < 1, i.e. L 2 < L 1, the space dimension of the reference configuration is reduced. This
possibility constitutes our choice in order to overcome the slow kinetics of heat and moisture
diffusion. Therefore, our objective would be to deal with a long experimental configuration
called reference while working on a reduced design. Given that the duration of the long and
short experiments are t 1 and t 2 respectively, an equivalence is set between these experiments
if they verify :

t f 2 = t f 1 Σ 2 . (3.24)
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In reality, assumption 3 is true only if the micro-structure of a sample remains unchanged going
from the reference configuration to the reduced model. Ideally, the properties and their laws of
variation are identical if it is assumed that the reduced configuration represents a sample that is
identical to the one in the reference configuration in terms of porosity, tortuosity and pore size
distribution. Note that the time scale of the reduced configuration is modified by two orders
compared to the space scale. From a mathematical perspective, a mapping is carried Figure
3.2 linking the reference configuration to the equivalent one by means of the proportionality
factor (3.23). This mapping is ensured through the obtained dimensionless numbers. Thus, it
is formulated in the following way :

Ω 1
x × Ω 1

t 7−→ Ω 2
x × Ω 2

t ,(
x 1 , t 1

)
7−→

(
x 2 = x 1 · Σ , t 2 = t 1 · Σ 2

)
.

2.5 Experimental assessment of the validity of similarity law
After defining the equivalent configurations 1 and 2, the experimental validation of the

similarity laws is carried out by comparing temperature and relative humidity in both confi-
gurations. Indeed, the equivalence in temperature and vapor pressure induces that of relative
humidity. This comparison can be carried according to the physical domain. In this case, for
x 1 ∈ Ω 1

x, x 2 ∈ Ω 2
x, t 1 ∈ Ω 1

t and t 2 ∈ Ω 2
t such that x 2 = x 1 Σ and t 2 = t 1 Σ 2, the following

affirmations must be verified :

T ( x 1 , t 1 ) = T ( x 2 , t 2 ) , ϕ ( x 1 , t 1 ) = ϕ ( x 2 , t 2 ) . (3.25)
Where ϕ represents the relative humidity that is defined according to Eq. (3.26) :

ϕ = P v

P sat

. (3.26)

To validate the laws of similarity on this problem, discrepancies and total uncertainties should
be estimated and compared. In this regard, the results related to the reference and reduced
configurations are in agreement if :∣∣∣ ϵ T ( χ i , t )

∣∣∣ ≤ σ T ( χ i , t ) + σ T ( χ i Σ , t Σ2 ) , (3.27a)∣∣∣ ϵ ϕ ( χ i , t )
∣∣∣ ≤ σ ϕ ( χ i , t ) + σ ϕ ( χ i Σ , t Σ2 ) . (3.27b)

Where χ i ∈ [ 0 , L i ] is a position within the material in the reference configuration considering
that i ∈ { 1 , 2 } and t ∈ [ 0 , t f i ] are the instants during this same configuration. According
to Eqs. (3.27a) and (3.27b), It should be ensured that the discrepancy one a given field (ϵ ϕ

or ϵ T ) as expressed in Equations (3.28a) and (3.28b), between two similar positions and at
equivalent instants, is smaller in absolute value than the sum of the total uncertainties (σ T ,
σ ϕ). In the following section, the manufacturing phase of the material is evidenced. It is resumed
to the formulation of samples, the used molds and the necessary curing period. Subsequently,
the necessary devices and equipment are exposed. Finally, the samples which represent the
reference and reduced configurations will also be announced.

ϵ T ( χ i , t ) = T ( χ i , t ) − T ( χ i Σ , t Σ2 ) , (3.28a)
ϵ ϕ ( χ i , t ) = ϕ ( χ i , t ) − ϕ ( χ i Σ , t Σ2 ) (3.28b)

80



3 Experimental investigation

3.1 Material

Figure 3.3 – Formulation of the 15 × 15 × 15 cm 3 samples.

The tests, presented in this work, are performed on hemp concrete samples. It is a bio-
based material with the substitution of hemp plant fibers [165]. All samples are derived from
the same formulation. The manufacture of this material was described thanks to the standar-
dization according to NF EN 459, NFP 15 − 314 and NF EN 197 − 1. It imposes the following
mass fractions : 16% of hemp, 34% of cement and 50% of water. The hemp is issued from the
Biofibat product. It is an aggregate made up exclusively of cellulose fibers, calibrated and dust-
free, resulting from the defibration of hemp straw. The product technical description shows the
following values : ρ = 110 kg.m−3, λ = 0.05 W.m−1.K−1. These properties were evaluated at 15%
moisture content. Tradical R PF70 is a formulated lime of class FL A 3.5, valid according to
the NF 459 standard. This lime is designed to produce mortars for natural stone, hollow or full
bricks, as well as traditional plasters. According to the manufacturer, the lime is characterized
at the dry state as follows : ρ s = 620 kg.m−3, λ s = 0.2 W.m−1.K−1.

In an industrial container, the correct proportions of water and lime are mixed for three
minutes via a double speed mixer. A good hydration is ensured by the sufficient appearance
of water bubbles. Then, hemp is added to the container and mixed for another 2 minutes.
Afterwards, the obtained mixture is filled into 15 × 15 × 15 cm 3 molds. These are treated with
a specific oil in order to facilitate the releasing. After ten days of hydration, the samples are
obtained and stored in ambient air conditions for three months. The experimental characteri-
zation of heat and moisture properties of hemp concrete provided the following results at the
dry state : λ s = 100.23 mW.m−1.K−1, C p s = 1150 J.kg−1.K−1, ρ s = 480 kg.m3, k v = 2.8 10−11 s
and k l = 7.4 10−13 s.

ω = m K ϕ

1 + K ϕ

1 − k (1 − w)
1 − k ϕ

. (3.29)

For the determination of the average sorption curve of hemp concrete, the experimental results
in [41] are used. The data are obtained for the same formulation of hemp concrete, at T = 25 ◦C
and for different relative humidity values. Subsequently, the experimental curve was fitted using
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the Generalised D′arcy and Watt model (GDW) for the sorption curves which is given according
to Eq. (3.29). Based on the performed fitting, the parameters of this model are estimated as :
m = 0.068, K = 2.722, k = 0.964 and w = 0.187.

3.2 Experimental equipment

Figure 3.4 – The climatic chamber used in tests.

After the hydration of the samples, they are put under different experimental tests. It
consists mainly in generating realistic climate conditions to apply on samples. This task was
carried out thanks to a climatic chamber of CTS mark illustrated in the Figure 3.4. It is a
cell having the dimensions 0.9 × 1 × 1.6 m 3, ensuring a use range from −70 to 180 ◦C in
temperature and 10 to 98% in relative humidity. During the material exposure, temperature
and relative humidity are measured at different locations using capacity humidity sensors.
These are manufactured by Ahlborn, and have a diameter of 5 mm (Figure 3.5a). The operating
ranges for temperature and relative humidity are −30 to 100 ◦C and 5 to 98% respectively.
Furthermore, based on the factory calibration certificate, the systematic accuracy of these
sensors are given as σ T,Sys = 0.3 ◦C and σ ϕ,Sys = 4% for temperature and relative humidity
respectively. These values are obtained at a nominal temperature of 25 ◦C. During experiments,
assume that the systematic accuracy do not depend on either measurement position or instant
according to assumption 6. Indeed, the sensors are calibrated in relative humidity for values
lower than 90% and at a temperature of 25 ◦C. Thus, 4% uncertainty in relative humidity is
assumed. In temperature, three systematic uncertainties are provided for three different ranges
of variation. The chosen uncertainty in temperature is given for a range from 0 to 70 ◦C. Based
on these data, the considered systematic uncertainties are fully justified for temperature and
relative humidity variations in this study. The response time of the sensor is around 10 s for
a maximum of 1 m.s −1 air flow velocity. The display and recording of data each is ensured
5 min by the use of an acquisition unit and a memory card of Almemo brand shown in Figure
3.5b. The choice to record results on a minute-scale can be justified. The link can be made
with the kinetics of heat and moisture diffusion. It was agreed that the recording should be
on this scale because of a compromise between both transfer natures. Indeed, heat transfer
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is a purely diffusive phenomenon and is relatively faster than moisture transfer. The latter,
requiring available open pore networks, represents a transport phenomenon. A recording on an
hour-scale, for example, would be suitable to measure only relative humidity. However, since
sensors measure simultaneously temperature and relative humidity, it is rather decided to take
into account first the quick variation in temperature. Consequently, the interval between each
measurement is set shorter, on a minute-scale.

(a) Ahlborn sensors (b) Display screen

The described equipment will initially be used to test the hypotheses in Section 2.2. As-
sumption 1 will not be assessed in this study. Indeed, it is assumed verified on the basis of
the work in [155], where it was dealt with a heat diffusion investigation. In the latter, a hemp
concrete sample, insulated and sealed in the same way as in the two configurations, was expo-
sed to variable heat stress. The one-dimensional transfer assumption was assessed following two
different approaches. A first experimental investigation was carried out where the flux along the
x-axis (transfer direction) is compared to the one along the y-axis. These fluxes are calculated
using finite differences with a centered scheme and sensors around the chosen position where
∆x = ∆y = 5 cm. It was shown that the flux along y represents 5 to 9% of the one along the
privileged direction. In the same work, a second approach consisted in investigating numerically
the same fluxes by simulating the thermal behavior of hemp concrete. This time, the resolution
method was based on finite elements where ∆x = ∆y = 10−3 cm. Results showed that the flux
along y does not exceed 1% of the one along x. Note that both approaches confirm the validity
of this assumption within a certain error. The latter is more important in the experimental
investigation because of the large mesh size. This could not be refined due to constraints rela-
ted to the experimental design. The following part will be dedicated to the description of the
experimental procedure aiming to evaluate the Assumption 2.

3.3 Experimental procedure to evaluate the assumption 2 on the
Dirichlet condition modeling

In assumption 2, it is assumed that air temperature and vapor pressure are the ones at
the exposed material surface. However, this statement defines Dirichlet boundary conditions.
Indeed, the latter requires in this case the knowledge of temperature and vapor pressure at
the surface of the material. In reality, a heat and moisture resistance exist and which define
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the interaction between a material and air. In this case, these interactions at the interface are
defined thanks to the condition of Robin, whose dimensionless formulation induces the Biot
number. Its expression for both heat and moisture diffusion is given as follows :

Bi q = h c L

λ
, Bi m = h m L

k m

. (3.30)

Where h c [W.m −2.K −1] and h m [kg.m −2.s −1.Pa −1] are the surface heat and moisture diffusion
coefficients respectively. In this field, Biot numbers designate the ratio of heat or moisture diffu-
sion resistance at the surface and inside the material. When Bi q , m > 1, the diffusion inside the
material is slower than the heat or moisture reaching the exposed surface. According to the pre-
ceding, the second assumption is more justified if the Biot number is large. This implies a great
surface diffusion coefficient. Moreover, most empirical laws, expressing this coefficient, link it
directly to air velocity [166, 167]. Thus, it follows that assumption 2 is more reliable if tests are
performed using high air flow velocity ranges. Concerning this test, the first step is selecting a
sample which is L = 10 cm thick and exposing it to the conditions presented in the mathema-
tical model in Section 2.2. Note that the sample undergoes a preliminary preconditioning step
where air temperature and relative humidity are set at T = 23 ◦C and ϕ = 50 % respectively.
Additionally, it is necessary to ensure that heat and moisture diffusion are one-dimensional. In
order to validate this condition, we use a 5 cm thick layer of synthetic thermal insulator made of
polyethylene. For a good moisture sealing, an additional layer of a low-permeability aluminum
band is employed. In addition, the surface defined by the equation x = L is insulated in the
same way. Indeed, heat and moisture flux must be negligible at x = L.

L( ∞ ϕ∞

Air sensor

Surface

sensor

Climatic chamber

( ϕ ×
h

Figure 3.6 – Illustration of the experimental configuration to assess the validity of
assumption 2 (Dirichlet boundary condition).

The second step consists in using two Ahlborn sensors as shown in Figure 3.6. The first one
is positioned on the node χ ( x = 0 , y = l , z = h ) where l = h = 5 cm. It can be fixed using
an adhesive ribbon, while the second is suspended inside the climatic chamber. Afterwards, the
sample is put in the cell while creating the climatic stress scenario.
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Figure 3.7 – Hydric stress considered for the verification test of the assumption 2.

Throughout the experiment, the same temperature during the preconditioning is maintained.
Moreover, air relative humidity varies between two values 33 % and 75 % as shown in Figure
3.7. According to the latter, the presence of two phases is observed, a drying at 33 % then
humidification at 75 %. Additionally, the experiment duration is split into two parts. During
the first one, the sample undergoes 7 cycles. Each cycle consists of setting 33 % relative humidity
for 8 hours, then 75 % for 4 hours. As for the second part, it is longer and consists of only 4
cycles. These latter include drying during 24 hours and humidification considering the same
duration. The goal is to follow the variation in temperature as well as the relative humidity of
both sensor positions. Thus, errors ε T s and ε ϕ s are deduced with regard to the assumption 2.

ε T s ( t ) =
∣∣∣T ( χ , t ) − T ∞ ( t )

∣∣∣ , ε ϕ s ( t ) =
∣∣∣ϕ ( χ , t ) − ϕ ∞ ( t )

∣∣∣ . (3.31)

The evaluation of both errors is essential to discuss the limits of this assumption. In this context,
both errors are compared in terms of magnitude. In particular, these data are necessary for
the evaluation of the uncertainties [168] related to this assumption. After describing the ex-
perimental procedure, the next part defines the tests which aim to verify, under the defined
hypotheses, the law of similarities.

3.4 Experimental procedure to assess the heat and mass similarity
Three months after the material formulation, two samples are selected to assess the validity

of similarity. The goal is to create two equivalent configurations in regard to these laws. The
configurations 1 and 2 are denoted reference and reduced, respectively. In this case, Σ < 1
(L ref > L red), which means a reduction of time and space scales of the reference configuration.
For this purpose, a one sample is sliced to ensure the desired thickness. Then, both samples
undergo the same preconditioning phase for 15 days under a temperature of 23 ◦C and a relative
humidity of 50%. Afterwards, both samples are insulated and sealed as explained in Section
3.3. In each configuration, two sensors are placed at two different sample depths. In order to
compare the experimental results between both configurations, the positions chosen must verify
the following condition :

χ red = χ ref Σ .
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Regarding the boundary conditions, a dynamic stress scenario is considered for the reference
configuration with a duration t ref . In this case, similarity imposes the adoption of the same
scenario in terms of magnitude, but reduced in duration. In particular, the duration of the
reduced test must satisfy this equality :

t red = Σ 2 t ref .

Insulation

Reference con iguration Reduced model

red ,a red ,b

Lref Lred

ref ,a ref ,b

Climatic chamber

Figure 3.8 – The similar experimental configurations.

The chosen set of positions to carry a comparison is the quarter and middle of the sample.
According to the Figure 3.8, an experimental confrontation is performed in temperature and
relative humidity between χ ref, a and χ red, a as well as between χ ref, b and χ red, b.

3.5 Definition of the study case

In order to apply similarities, a first configuration is considered and designated reference.
It is based on a hemp concrete sample where L ref = 10 [cm]. First, temperature and relative
humidity were set at T 0 = 23 [◦C] and ϕ 0 = 50 [%]. Afterwards, boundary conditions are defined
by an air relative humidity which varies as shown in Figure 3.7 where temperature remains
constant and equals T ∞ = 23 [◦C]. Moreover, the experiment duration is set to t ref = 11.5 [d].
In order to compare temperature and relative humidity between configurations, two sensors
were positioned at the positions whose coordinates are : χ ref a = 2.5 [cm] and χ ref b = 5 [cm]
along the x axis.
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Figure 3.9 – Moisture stress applied in the reduced configuration.

Hereafter, the factor proportionality is set to Σ = 0.75 [−] to deduce the second equiva-
lent configuration which is denoted reduced. Relying on this, the reference sample underwent
a 25 % scale reduction along the x axis. Thus, the reduced thickness is obtained L red =
Σ L ref = 7.5 [cm]. Additionally, similarity requires the same preconditioning for the reduced
sample in temperature and relative humidity. As for the boundary conditions, the duration is
reduced in the equivalent configuration. According to Eq. (3.24), the periodicity of the expe-
riment is decreased by 43.75 %. Indeed, the reduced sample should undergo a stress which lasts
t red = Σ 2 t ref = 6.47 [d]. The reduced stress scenario is shown in Figure 3.9. Finally, the equiva-
lent positions inside the reduced sample are obtained by applying the proportionality factor on
χ ref, a and χ ref, b. Therefore, χ red, a = Σ χ ref, a = 1.875 [cm] and χ red, b = Σ χ ref, b = 3.75 [cm].
Remind that this four positions have the same coordinates along y and z axis.

In section 4, the notion of uncertainties is discussed. In the first place, a definition and the
utility of this quantity are given. Then, in the framework of our study, the global uncertainty
is formulated. With further details, different sub-uncertainties are identified by defining and
expressing them analytically.

4 Evaluation of uncertainties related to heat and mois-
ture diffusion experiment

During any experiment, there are certain sources of error that are unavoidable and that
influence a result. These can include the calibration, environmental conditions during the expe-
riment, manipulator behavior or even the response time of a used device. Thus, it is important
for the experimenter to be able to define the margin of error related to his measurements. As
similarity experiments are exposed to sources of errors, both tests are associated to two global
uncertainties σ T and σ ϕ [◦C]. According to Taylor [134, 169], uncertainties on temperature and
relative humidity are expressed as follows :

σ 2
T = σ 2

T, Sys + σ 2
T, x + σ 2

T, t + σ 2
T, Rdm + σ 2

T, H2 . (3.32a)

σ 2
ϕ = σ 2

ϕ, Sys + σ 2
ϕ, x + σ 2

ϕ, t + σ 2
ϕ, Rdm + σ 2

ϕ, H2 . (3.32b)
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σ T and σ ϕ are the global uncertainties associated to temperature and relative humidity fields
respectively. According to Equations (3.32a) and (3.32b), it was chosen to limit at five the
number of sub-uncertainties. The assessment of a global uncertainty helps defining the confi-
dence interval related to an experimental result. Mathematically, confidence intervals related to
temperature or relative humidity and denoted I T and I ϕ, respectively, are defined as follows :

I T ( χ , t ) =
{

m ∈ R+ ; T ( χ , t ) − σ T ( χ , t ) ≤ m ≤ T ( χ , t ) + σ T ( χ , t )
}

, (3.33a)

I ϕ ( χ , t ) =
{

m ∈ R+ ; ϕ ( χ , t ) − σ ϕ ( χ , t ) ≤ m ≤ ϕ ( χ , t ) + σ ϕ ( χ , t )
}

. (3.33b)

Where χ and t define the measurement position and the instant of the experiment, respectively.

4.1 Systematic uncertainty
Starting with σ T, Sys and σ ϕ, Sys [◦C], which are the systematic uncertainties on both fields

and related to the sensors used for the measurements. They arise from the sensor calibration
defects and are provided by the manufacturer [170]. Moreover, they depend on the temperature
and relative humidity ranges that a sensor measures. In this study, it is assumed that this
uncertainty is constant during carried experiments. Their values are given in Section 3.2.

4.2 Uncertainty related to sensor position
Another source of error could result from the sensor position accuracy. It is taken into

account since the experimenter runs the risk of being inaccurate, and also because of the
diameter of used sensors. In this purpose, the uncertainties σ T, x and σ ϕ, x [◦C] regarding the
sensor position are expressed as follows :

σ T, x ( x , t ) = ∂T

∂x
δ x + o ( δ x ) , (3.34a)

σ ϕ, x ( x , t ) = ∂ϕ

∂x
δ x + o ( δ x ) . (3.34b)

Where :
∂ϕ

∂x
= 1

P sat

∂P v

∂x
− P v

P 2
sat

∂P sat

∂T

∂T

∂x
. (3.35)

The saturation pressure derivative according to temperature is given by the relation of Clapey-
ron in Eq. (3.36) :

∂P sat

∂T
= M L v

R T 2 P sat . (3.36)

As for this uncertainty, it depends on time and space. It is based on the infinitesimal deve-
lopment of temperature and relative humidity around the sensor position. Particularly, this
development is limited to the first order. The partial derivatives are evaluated, at the desired
location and instant, by solving Eqs. (3.1) and (3.2). For that, finite elements method is used.
In addition, δ x [m] designates the distance that represents the error committed on the position
of the sensor. This error is mainly due to the drilling of a material and introducing the sensors.
The order of magnitude of δ x is assumed equivalent to the diameter of the sensor.
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4.3 Uncertainty related to sensor response time
The response time of a sensor can also impact an experimental result. It describes the

reaction of a sensor following a change in temperature or relative humidity. The less time a
sensor takes to display the correct value, the more accurate it is. Thus, the sensor time response
uncertainty is defined by :

σ T, t ( x , t ) = ∂T

∂t
δ t + o ( δ t ) . (3.37a)

σ ϕ, t ( x , t ) = ∂ϕ

∂t
δ t + o ( δ t ) . (3.37b)

Where :
∂ϕ

∂t
= 1

P sat

∂P v

∂t
− P v

P 2
sat

∂P sat

∂T

∂T

∂t
. (3.38)

σ T, t and σ ϕ, t [◦C] vary also according to time and space. The temporal partial derivatives are
determined, in the same way, based on the solution computation of Eqs. (3.1) and (3.2). δ t [s]
represents the response time of the sensor. Its value for Ahlborn sensors is given in Section 3.2.

4.4 Random uncertainty
Equations (3.32a) and (3.32b) introduce each a fourth term which is σ T, Rdm or σ ϕ, Rdm [◦C].

This uncertainty characterizes the random aspect of a given experiment. Generally, it consti-
tutes the parameter which is used to evaluate the reproducibility of a test. Particularly, it in-
forms on the variability of the micro-structure from one sample to another. Consider N samples
undergoing the same experiment. And let T i and ϕ i be the temperature and relative humi-
dity measured in the sample i at the instant t where i ∈ { 1 , N }. T̄ and ϕ̄ are the arithmetic
means of both fields respectively for N samples. The random uncertainty is given by the formula
below :

σ T, Rdm ( x , t ) = 1
N 1/2

( 1
N − 1

N∑
i=1

( T i − T̄ ) 2
) 1/2

, T̄ = 1
N

N∑
i=1

T i . (3.39a)

σ ϕ, Rdm ( x , t ) = 1
N 1/2

( 1
N − 1

N∑
i=1

( ϕ i − ϕ̄ ) 2
) 1/2

, ϕ̄ = 1
N

N∑
i=1

ϕ i . (3.39b)

Note that the random uncertainty is a time function because temperature and relative humidity
and their averages are as well. Moreover, these parameters are evaluated at positions where the
study is carried.

4.5 Assumption 2 uncertainty
Finally, this uncertainty involves the evaluation of the error related to the modeling of the

Dirichlet type boundary condition. On the one hand, it is based on the study of the sensitivity
on temperature and relative humidity within the material in regard to those at the interaction
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surface. On the other hand, it depends on the discrepancy in a field between the interaction
surface and air. σ T, H2 and σ ϕ, H2 are expressed via the Eqs. (3.40a) and (3.40b) :

σ T, H2 ( x , t ) = ∂T

∂T s

δ T s + o ( δ T s ) , (3.40a)

σ ϕ, H2 ( x , t ) = ∂ϕ

∂ϕ s

δ ϕ s + o ( δ T s ) . (3.40b)

Where T s and ϕ s are the temperature and relative humidity at the interaction surface respec-
tively. Furthermore, δ T s and δ ϕ s represent the discrepancy in temperature and relative humi-
dity between air and the material surface. These two quantities are evaluated experimentally
thanks to the used sensors. Concerning the partial derivatives, they are calculated numerically
by carrying out a study of sensitivity according to surface temperature and relative humidity.
Furthermore, these derivatives are denoted θ 1 and θ 2 such that :

θ 1 = ∂T

∂T s

, θ 3 = ∂ϕ

∂ϕ s

. (3.41)

In the Section 1 of the appendix, the governing equation related to both quantities θ 1 and θ 2
are detailed.

5 Results and discussion

5.1 Experimental evaluation of the assumption : Dirichlet condition
modeling

The objective is to evaluate temperature and relative humidity discrepancies δ Ts and δ ϕs ,
introduced in Eq. (3.31), between the material surface and the air inside the chamber.
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Figure 3.10 – (a) Temperature discrepancy between air and the sample surface, (b)
Probability density related to the discrepancy on temperature.

Despite maintaining a constant temperature, periodic fluctuations are noticed Figure 3.10a.
This can be explained by the impact of moisture diffusion on the temperature variation. In
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addition, this latter follows the periodicity of the moisture stress. Furthermore, the variation
in δ Ts follows two different periodicity which are the same as the ones defining the experiment
cycles. During the first 7 cycles, δ Ts varies from 0 to 0.6 ◦C. As for the following cycles, the curve
remains almost in the same shape but has larger periodicity. In this case, δ Ts reaches maximum
values slightly higher 0.7 ◦C than those during the first cycles. Moreover, Figure 3.10b highlights
the variation of a new function which will be used frequently in next Sections. It is the proba-
bility density and denoted P [171, 172]. It calculates δ Ts values distribution. In this work, the
Kernel distribution is adopted as a probability density. It is based on the Parzen − Rosenblatt
method. The latter helps to estimate the density at each point of an interval. Contrary to other
methods, namely the one introduced by Rudemo or Bowman, it is more accurate. This method
generalizes the histogram estimation method which is not continuous. For this, the bar centered
at a given value and considering a smoothing parameter, is replaced by a Gaussian centered
at this same value. By analyzing the curve in Figure 3.10b, P represent two local maximums.
First one around 0.1 ◦C with a probability of 32 %. Then, we reach another maximum of 37 %
around 0.25 ◦C.

In terms of relative humidity, δ ϕs is plotted in Figure 3.11a. Similarly to temperature, the
discrepancy on relative humidity varies in accordance with two periodicity. During short cycles,
δ ϕs varies between 0 and 0.062. As for long cycles, the discrepancy is relatively smaller. Indeed,
it ranges this time between 0 and 0.054. Moreover, large discrepancies are due to transitions
from 0.33 to 0.75 and vice versa. Notice also that discrepancy reaches 0 many times during the
second phase. The reason behind is the cycle duration in the experiment second part, which is
longer.
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Figure 3.11 – (a) Discrepancy on relative humidity between air and the sample surface, (b)
Probability density representing this discrepancy.

Indeed, maintaining a constant air relative humidity for longer helps decreasing the discre-
pancy between ϕ ∞ and ϕ s. Focusing on the distribution of values taken by δ ϕs , it is assessed
and illustrated according to Figure 3.11b. Based on that, probability density takes maximum
values ranging from 30 % to 40 % for discrepancies between 0 and 0.02 approximately. In addi-
tion, notice that zero discrepancy is reached with about 27 % of probability. Hence, based on
the results of temperature and relative humidity errors, it is deduced that the assumption 2
is not quite ensured. To conclude, the discrepancy in temperature is different from 0 in 90 %
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of the experiment instants. However, the order of magnitude is not very significant. On the
other hand, δ ϕs turns to 0 in 27 % of the cases, thus a small improvement is observed when
comparing the results of these two discrepancies. Nevertheless, the values reached by δ ϕs are
more meaningful, going up to 0.06. In this case, this would have a consequent effect on the
similarities study especially in terms of relative humidity. Regarding this fact, it is decided to
include these data in the uncertainty investigation.

In the next Sub-section, the necessary conditions are first recalled to create a similarity bet-
ween two different configurations. Subsequently, these latter are introduced with their physical
dimensions and boundary conditions.

5.2 Assessment of heat and moisture diffusion similarity
This Section deals with the evaluation of uncertainties on temperature and relative humidity

in both configurations. It includes a first part where numerical schemes and an experimental
methodology are presented. Subsequently, the variation of each sub-uncertainty is analyzed and
compared between both configurations. To facilitate comparison, the colors blue and red are
used to represent the reference and reduced configurations, respectively. Finally, temperature
and relative similarity is assessed and discussed.

5.2.1 Assessment of the uncertainty in reference and reduced configuration

The calculation of uncertainties is based on the deterministic approach. In our case, this
approach helps estimating the deviation in temperature or relative humidity at a given instant
and position that is caused by the largest variation of each uncertain parameter (sensor res-
ponse time, surface temperature ...). This variation is expressed using the terms δ, for example
in Eq. (3.37a) and (3.40b). Beginning with the sensor systematic uncertainty, its value for tem-
perature and relative humidity is already mentioned in Section 3.2. During experiments, it is
assumed that the systematic accuracy do not depend on either the location or the instant of
a measurement. Unlike σ T, Sys and σ ϕ, Sys, following sub-uncertainties σ T, x, σ T, t, σ T, H2, σ ϕ, x,
σ ϕ, t and σ ϕ, H2 depend on that and are assessed numerically. To do so, the solver Comsol Mul-
tiphysics, which is based on finite elements method [173, 174], is used. The number of space
nodes is set for both configurations to 500. As for the time step, it is set to ∆ t ref = 1 [min] for
the reference configuration. Hence, the one related to the reduced configuration is obtained by
applying similarity which leads to ∆ t red = ∆ t ref Σ 2 = 0.56 [min]. Additionally, the resolution
of σ T, H2 and σ ϕ, H2 requires complementary data which are surface temperature and relative
humidity. These are recorded each five minutes by a sensor (Section 3.2) and included in the
simulation (Section 4.5) using spline interpolations. Finally, σ T, Rdm and σ ϕ, Rdm were approxi-
mated by using N = 3 [−] samples in each configuration (assumption 8). Ideally, the calculation
of the random uncertainty is more accurate if the number N is larger. In this case, the conside-
ration of this uncertainty requires to perform the experiments related to both configurations on
a large number of samples. Three samples are experimented per configuration on the basis of
the six samples, that were manufactured for the study. Thus, σ T, Rdm and σ ϕ, Rdm are evaluated
in order to obtain an approximate order of magnitude with regard to other uncertainties.
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Figure 3.12 – Variation of different uncertainties on temperature at (a,b) the quarter given
by χ 1 (Reference) and χ 3 (Reduced), (c,d) the middle given by χ 2 (Reference) and χ 4

(Reduced).

Figure 3.12 plots the variation in uncertainties on temperature σ T, x, σ T, t, σ T, Rdm and σ T, H2
at the quarter and the middle in both configurations. Firstly, two phases of variations are
noticed. The first one, with high frequency, corresponds to the stress cycles that have a small
time period. While the second, with a low frequency, refers to the moisture stress phase with a
large period. Focusing on the uncertainty related to sensor position and the one due to sensor
time response, it is worth noting that at the quarter, they are greater in reduced configuration
with values ranging from 0 to 0.43 ◦C for σ T, x and from 0 to 0.004 ◦C for σ T, t. This is due to
the fact that the uncertainty on a sensor position regarding the reference thickness is smaller
than the one with regard to the reduced thickness. Otherwise, the following relation is verified :

δ x, ref

L ref

<
δ x, red

L red

. (3.42)

Same logic is adopted for σ T, t when addressing the response time of a sensor and the duration of
both experiments, t ref and t red, instead of the uncertainty on a sensor position and thicknesses.
Afterwards, it is also observed that σ T, Rdm is greater at the quarter in reduced configuration
with maximal values reaching 0.09 ◦C. However, the interpretation of this finding is not related
to both sample thickness or experiment duration. It is rather due to the reproductibility of
both tests. Indeed, the order of magnitude of σ T, Rdm depends only on the variability of thermal
properties around positions of measurement considering three samples in each configuration.
The fact that this sub-uncertainty, at the quarter, is more significant in reduced configuration
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means that the standard deviation of thermal properties is larger around χ 3 than χ 1. Finally,
σ T, H2 is also estimated, it is the largest sub-uncertainty which reached 0.7 ◦C. Additionally,
negligible discrepancies are obtained regarding both configurations. Indeed, air temperature
related to the reference and reduced configuration coincide closely in the dimensionless domain
which is due to similarities.
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Figure 3.13 – Variation of different uncertainties on relative humidity at (a,b) the quarter
given by χ 1 (Reference) and χ 3 (Reduced), (c,d) the middle given by χ 2 (Reference) and χ 4

(Reduced).

On the other hand, quite same results are noticed at the middle for both configurations.
σ T, x and σ T, t are still higher in the reduced configuration. They reach peaks of about 0.16 ◦C
and 0.002 ◦C, respectively. Secondly, the variation in σ T, H2 for both configurations is almost
identical following the same reason as for χ ref, a and χ red, a. Contrary to the result regarding
σ T, Rdm at the quarter, it reaches larger values in the reference configuration when focusing on
the middle. This means that the variability of thermal properties around χ ref, b is large. This
is due to the random aspect related to a material micro-structure and pore distribution. Last,
note that σ T, x, σ T, t and σ T, H2 are smaller when getting away from the surface x = 0, i.e. the
variation magnitude in temperature is smaller when approaching the surface bottom, where an
adiabatic condition is set. Thus, the magnitude of temperature derivatives according to space,
time and surface temperature is smaller when approaching the surface bottom.

In parallel, a study of uncertainties on relative humidity is also performed. Figure 3.13 re-
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presents the variation in uncertainties on relative humidity 1. At the quarter, σ ϕ, x and σ ϕ, t

vary more significantly in the reduced configuration with peaks around 0.05 and 1.4 10−4 res-
pectively. In addition, σ ϕ, Rdm informs about the variability of moisture properties around a
position of measurement for a given number of samples. Considering three samples for each
configuration, the variability is larger around χ ref, a where a maximum of 0.014 is remarked.
Finally, the variation range of σ ϕ, H2 at a given position does not depend on a configuration
since it involves air temperature. It is about 0.03 as maximum at the quarter. Indicatively, the
most dominant sub-uncertainty regarding relative humidity is the one related to sensor position.

As for the middle, it is shown that the uncertainties σ ϕ, x and σ ϕ, t were more important in the
reduced configuration. Likewise, the uncertainty related to the modeling of boundary conditions
varies little when comparing both configurations. As for σ ϕ, Rdm, it is relatively larger in reduced
configuration, which means that the variability of moisture properties is larger around χ red, b

than around χ ref, b. The influence of a position on a calculated uncertainty can also be relevant.
Indeed, when considering the material in reduced configuration, notice that the magnitude of
the sub-uncertainties σ ϕ, x, σ ϕ, t and σ ϕ, H2 is smaller at χ red, b with peaks around 0.01, 5 10−5

and 0.0275 respectively. This is due to the fact that χ red, b is more distant than χ red, a from
areas with high temperature gradients.
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Figure 3.14 – Uncertainty on temperature and relative humidity for both configurations at
χ ref, a and χ red, a (a,c), χ ref, b and χ red, b (b,d).

1. To avoid any confusion, the results are presented in absolute value and not percentage (of vapor pressure
according to saturation one) since the latter could be confusing with relative uncertainties.
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Figure 3.14 shows the variation in the entire uncertainty on temperature and relative humi-
dity at the quarter comparing χ ref, a and χ red, a and the middle considering χ ref, b and χ red, b.
Remark that σ T , at the quarter of the material in both configurations, is slightly larger than
the one at the middle with maximums of 0.62 ◦C and 0.53 ◦C respectively. The same comment
can be made in regard to σ ϕ where a maximum of about 0.0575 is observed for the material
quarter against 0.042 for the middle. Based on these results, two major results can be deduced.
The entire uncertainty in temperature or relative humidity is more significant in the reduced
configuration. This is mainly due to the fact that the relative uncertainty on the position of
the sensor and the one related to its time of response (with a lower contribution) are larger in
this configuration as shown in Eq. (3.42) for example. Moreover, a second result is to mention.
The uncertainty on relative humidity is larger at the quarter of the material than at its middle.
Indeed, the position at the quarter is closer to areas with significant moisture gradients, while
the middle is more distant.

Thereafter, entire uncertainties (Figure 3.14) are then used to calculate the confidence inter-
vals in temperature and relative humidity as defined in Eqs. (3.33a) and (3.33b). Additionally,
the magnitude of each sub-uncertainty is important in order to discuss the validity of simi-
larity on heat and moisture diffusion. In other words, the upcoming comparison, carried out
on temperature and relative humidity between both configurations, is based on the results of
uncertainty. Next Section discusses the experimental results of heat and moisture similarity.

5.2.2 Discussion of the validity of heat and moisture diffusion similarity

Figure 3.15 illustrates the variation in temperature and relative humidity at the quarter and
the middle of the material in both configurations. The variation is periodic where two temporal
sequences are distinguished. The first part with a high frequency and the second with a low
one. This observation is related to the nature of the stress scenario as explained in the previous
Section. Regarding temperature at χ ref, a and χ red, a, it varies in the same way, ranging bet-
ween 22.6 and 23.75 ◦C approximately. In addition, slight discrepancies are observed around the
peaks of curves. However, they are relatively higher when comparing temperature at the middle
between both configurations (χ ref, b and χ red, b). It reaches maximums around curve peaks of
about 0.25 ◦C. Generally, results in temperature highlight an acceptable agreement.

Same figure shows the variation in relative humidity at the quarter and middle of the
material in the reference and reduced configuration. The curves vary following two sequences
while showing a good agreement especially the ones associated to χ ref, a and χ red, a. Considering
the mentioned positions, a considerable variation is observed during the second sequence where
values range from 0.38 up to 0.66. Contrary to temperature, discrepancies on relative humidity
between reference and reduced configuration are more significant, particularly when air relative
humidity changes from 0.33 to 0.75 and vice versa. At the middle, the variation is less significant
where relative humidity at χ ref, b and χ red, b ranges from 0.43 to 0.6. Moreover, a remarkable
dephasing is illustrated when comparing relative humidity at middles. It could be caused by a
difference in micro-structure between areas around χ 2 and χ 4. In order to evaluate discrepancies
in relative humidity and its distribution, the Kernel density of probability is plotted in Fig 3.16.
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Figure 3.15 – Variation in temperature and relative humidity for both configurations at (a)
χ ref, a and χ red, a, (b) χ ref, b and χ red, b.
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Figure 3.16 – Distribution of the discrepancy on relative humidity for both configurations
and the sum of the corresponding uncertainties at (a) χ ref, a and χ red, a, (b) χ ref, b and χ red, b.

It highlights the distribution of discrepancies on relative humidity between configurations.
It is worth noting that it reaches higher values when it is evaluated at the quarter. According
to Figure 3.16, the discrepancy can go up to 0.05 with a probability less than 5 %. In addi-
tion, the probability reaches its maximum for values around 0.02. Furthermore, the discrepancy
on relative humidity is relatively smaller at the middle. It reaches a maximum of 0.035 for a
probability of about 5 % and is largely around 0.007 for a probability of 60 %. Based on this
comparison, it is deduced that the discrepancy between both configurations is larger if positions
of measurement are close to areas with high stress gradients. This is evidenced via Figure 3.16,
the discrepancy at the quarter is two times larger than the one at the middle. However, there
is less discrepancy if the positions of measurement are more distant from areas under intense
stress, as relative humidity varies slower when increasing distance.

Obtained discrepancies on temperature and relative humidity have to be discussed by consi-
dering the uncertainties at χ ref, a, χ ref, b, χ red, a and χ red, b as shown in Figure 3.14. Otherwise,
confidence intervals [175, 176], as given in Eqs. (3.33a) and (3.33b), must be evaluated during
the entire experiment.
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Figure 3.17 – Temperature and relative humidity variation at χ ref, a, χ red, a (a,c) and χ ref, b,
χ red, b (b,d) with the associated confidence intervals.

Figure 3.17 illustrates the confidence intervals associated to temperature and relative humi-
dity at χ ref, a, χ ref, b, χ red, a and χ red, b during a given sequence. The dotted lines represent the
measured data, also considered as averages. Additionally, colored areas, which are delimited
by two continuous lines, indicate a confidence interval, using blue for the reference positions
and red for the reduced configuration. It is important noting that for two equivalent positions,
significant areas are noticeable where the confidence intervals coincide. In particular, when
comparing temperatures at the quarter and relative humidity at the middle. In this respect,
measurements are quite comparable between the configurations with the occurrence of consi-
derable discrepancies, mainly in relative humidity.

Figure 3.18 helps to evaluate the magnitude of discrepancies and hence, verify entirely the
conditions expressed in Eqs. (3.27a) and (3.27b). At the quarter, the discrepancy on tempe-
rature is almost 0 with oscillations up to 0.5 ◦C. As for relative humidity, it is larger with a
maximum of about 0.075. Despite its magnitude, the discrepancy remains smaller than the
uncertainty which reaches 1.2 ◦C and 0.11 on temperature and relative humidity respectively.
Focusing on the middle, the discrepancy in temperature reaches as well 0.5 ◦C as a maximum,
while it is less significant in relative humidity than at the quarter with 0.04 as maximum. In this
case, uncertainties are also larger than discrepancies, with peaks of 1 ◦C and 0.08 on tempera-
ture and relative humidity respectively. After this supplementary investigation, the conditions
in Eqs. (3.27a) and (3.27b) are confirmed considering χ 1 and χ 2 and the entire duration of both
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configurations. Therefore, based on the results in Figure 3.18, similarity of heat and moisture
diffusion investigations are verified experimentally considering the two configurations defined
in the study. This can also be evidenced by comparing the distribution of discrepancies with
the sum of uncertainties, as shown in Figure 3.16. The resulting discrepancies are justified by
carrying out a parallel investigation that takes into account five different sources of uncertain-
ties.
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Figure 3.18 – Discrepancies on temperature and relative humidity between the reference
and reduced configurations compared to the sum of the corresponding uncertainties at the

quarter (a,c) and the middle (b,d).

5.3 Discussion and further remarks
Based on the results of the previous section, the discrepancies reached significant thresholds

during several sequences. Indeed, several source errors are difficult to reduce because of certain
experimental constraints. The inaccuracy of used equipment for the two similarity experiments
is a first source of error. Indeed, the ambient conditions in the climate chamber are not perfectly
regulated especially relative humidity because of the size of this facility and its high inertia.
As a result, air temperature and relative humidity are exposed to a margin of error. Moreover,
the preconditioning of the material in relative humidity may not be completely ensured, which
is caused by the high heterogeneity of its micro-structure and the presence of closed pore net-
works. Nevertheless, the causes previously identified, which reflect the relativity of this type of
experiment, can be improved.
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The results related to both configurations can also be improved. This requires a better
control of the experimental conditions, i.e. an accurate verification of the assumptions set in
the physical model. Considering the assumption 1, which implies that the flux is along a single
direction, namely the x axis. This statement is theoretical and was verified experimentally
within an acceptable error [155]. Indeed, the flux is one-dimensional if the thermal conductivity
of the insulator is very high compared to the one of the used material or if the latter is a
semi-infinite medium along y and z axes. Thus, two additional sub-uncertainties σ T, 1D and
σ ϕ, 1D could have been added to address the relativity of this assumption during both similarity
experiments. Ideally, its evaluation at a given coordinate x = χ is based on the measurement
of temperature T and relative humidity ϕ at all positions which have the same x coordinate.
This uncertainty in temperature and relative humidity is formulated as follows :

σ T, 1D ( χ , t ) = lim
N→+∞

( 1
N ( N − 1 )

N∑
i=1

( T i − T̄ ) 2
) 0.5

, (3.43a)

σ ϕ, 1D ( χ , t ) = lim
N→+∞

( 1
N ( N − 1 )

N∑
i=1

( ϕ i − ϕ̄ ) 2
) 0.5

. (3.43b)

N represents the number of sensors inside the material along the y-axis while fixing the x co-
ordinate. As remarked, the assessment of this uncertainty is definitely accurate if N is infinite.
However, given experimental constraints, it is quite challenging to set up a high number of
sensors along a single direction. T̄ and ϕ̄ represent the mean values at a position χ, while consi-
dering variations along y and z axes, they are given in Eqs. (3.44a) and (3.44b) respectively :

T̄ ( χ , t ) = lim
N→+∞

1
N

N∑
i=1

T i , (3.44a)

ϕ̄ ( χ , t ) = lim
N→+∞

1
N

N∑
i=1

ϕ i . (3.44b)

In [155], authors tried to estimate this uncertainty in the framework of a heat diffusion expe-
riment. The determination of this quantity was limited to some positions on the same plane
that is defined by x and y axes. Values ranging from 0 to 0.1 ◦C were obtained for the middle
of a hemp concrete sample, while applying a stress ranging from 11 to 39 ◦C. Thus, the un-
certainty on the one-dimensional diffusion would probably be considered negligible in our study.

Otherwise, the application of similarity can be extended to three-dimensional heat and
moisture diffusion. Assume that the material is used without insulation, moisture and heat flux
propagate in all directions. In this respect, the physical model and its dimensionless formulation
are written while introducing two additional dimensions L y and L z. Consequently, besides the
coefficients δ, γ and η, four additional Fourier numbers Fo q, y, Fo q, z, Fo m, y and Fo m, z would
be obtained. These are expressed according to Eqs. (3.45a) and (3.45b). In this case, the same
factor of proportionality Σ is used for L y and L z to obtain an equivalent configuration.

Fo q, y = λ 0 t f

ρ s 0 C p 0 L 2
y

, Fo q, z = λ 0 t f

ρ s 0 C p 0 L 2
z

, (3.45a)

Fo m y = k m 0 t f

ρ s 0 C m 0 L 2
y

, Fo m z = k m 0 t f

ρ s 0 C m 0 L 2
z

. (3.45b)
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A second assumption was considered in the diffusion model which is the modeling of the
boundary conditions at the exposed surface using Dirichlet. This implies that air has no heat
or moisture resistance, hence air temperature and relative humidity and the ones at x = 0 are
equal. In reality, convective fluxes exist at the interacting surface which are due to the heat and
water vapor coefficients h c and h m. In this respect, Robin boundary conditions are the most
adequate. Considering these two coefficients in the model would lead to the introduction of
the Biot numbers as defined in Eq. (3.30). As a result, the equivalence between configurations
requires an additional condition on h c and h m expressed as follows :

h c 1 L 1 = h c 2 L 2 , h m 1 L 1 = h m 2 L 2 1 . (3.46)
In order to ensure a similarity, it is necessary to estimate the convective coefficients associa-

ted to both configuration. However, the assessment of these coefficients relies on the knowledge
of certain parameters, i.e. air physical properties, the geometry of the problem and especially
air flow velocity. In the literature, empirical models were developed in fluid dynamics to esti-
mate these coefficients, although they are limited. The reason is the experimental conditions
that are different from one study to another. Consequently, the estimation of h c and h m could
be possible if a correlation, proper to our experimental design, exists between these coefficients
and air velocity. In this regard, the adjustment of air velocity during a configuration would
help control heat and moisture convective coefficients. This might represent an experimental
constraint if the climatic chamber operates at a constant air flow rate. Indeed, varying these
coefficients to study the reduced configuration would not be possible, even-though their values
are assumed known for the reference configuration. As a result, the verification of similarity,
while using the Robin type, would rely on the realization of an experimental bench which mo-
nitors the temperature, relative humidity and air velocity.

The latter requires that properties and their laws of variation are identical between confi-
gurations. This implies that the sample micro-structure in the reduced model is similar to the
one in the reference configuration.

6 Conclusion
Similarity laws may constitute an efficient approach to reduce the duration of a heat and

moisture diffusion experiment. In this work, similarity on these coupled phenomena is experi-
mentally assessed. In this respect, two major limitations are considered during experiments. It
is assumed that heat and moisture transfer are one-dimensional. Moreover, Dirichlet boundary
conditions are taken into account at the exposed material surface. A first configuration denoted
reference is proposed and defined by a 10 cm thick hemp concrete sample that is exposed to
a constant temperature and a variable moisture stress during 11.5 d. As for boundary condi-
tions, material-air interactions occur by means of a single surface. Other surfaces are considered
adiabatic against heat and water vapor fluxes. To obtain the reduced configuration, a factor of
proportionality 0.75 is considered. Hence, the deduced configuration involves a reduced mate-
rial thickness 7.5 cm and a shorter test duration 6.47 d. To discuss similarity, temperature and
relative humidity are compared at the quarter and middle of the material during both experi-
ments. Regarding temperature, the discrepancies at the quarter and middle have the same of
magnitude. As for relative humidity, the curves show a good agreement. Meanwhile, discrepan-
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cies are more relevant at the quarter than at the middle. Afterwards, the validity of similarity
is tested by proposing a detailed investigation which aims, on the one hand, at evaluating the
uncertainties associated to both configurations and on the other, to compare the magnitude of
discrepancy with uncertainty on temperature and relative humidity.

In addition, five sub-uncertainties are proposed and defined using the deterministic ap-
proach. Results showed that for the quarter of the material, the uncertainty on temperature
related to the assumption on Dirichlet boundary conditions is the dominant. As for relative hu-
midity, the uncertainty at the quarter and related to the sensor position is the most prevalent.
It is worth noting that the entire uncertainty is more significant in the reduced configuration.
Finally, the validity of similarities is rigorously investigated by comparing the combined entire
uncertainties of both configurations with the calculated discrepancies. Based on the latter, it
is agreed that similarity on heat and moisture diffusion can be correctly applied for building
materials. The verification of these laws on hemp concrete can help in future works to address
scientific issues such as the investigations of material aging. It is a slow kinetic phenomenon
which induces variation in material properties with time. Similarities would be employed to
approach phenomena in the framework of a reduced duration experiment.
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Chapitre 4

On the development of an accelerated
aging design : assessment of its effects
on a bio-based material

Abstract
Recently, bio-based materials are tested often in construction. Contrary to conventional

materials, the properties of a bio-based material varies significantly in time due to heat and
moisture stresses. This phenomenon is widely known as "aging". The latter is investigated wi-
thin this research on hemp concrete. This study proposes a new methodology to develop an
accelerated and realistic aging protocol. The real scale design is established by means of an-
nual meteorological data. Then, it is accelerated by using the laws of similarity where the time
horizon decreases from one year to roughly 40 days. Second part is experimental, where mea-
surements of thermal conductivity, intrinsic permeability, porosity and pH index are conducted
gradually on different samples and at 9 time instants. These instants correspond to each 1.5
months in the real scale aging test. Consequently, the time variation of these properties is ob-
tained to assess the material aging. Two correlations are deduced, these reveal variation laws
of thermal conductivity and intrinsic permeability with respect to porosity. Afterwards, these
correlations are compared to empirical models from the literature. Besides, no risk of mold
growth is observed according to the pH index variation. Finally, the study concludes on the
importance of considering the effect of aging on porosity and thus on depending properties in
further heat and mass transfer investigations.
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Highlights
1. A methodology to develop a realistic and representative aging protocol.
2. A long protocol is proposed on the basis of a one-year climate data and down-scaled using

the similarity laws.
3. Measurements of thermal conductivity, intrinsic permeability, porosity and pH index are

carried on hemp concrete at each 1.5 months during one year.
4. Correlations relating thermal conductivity and intrinsic permeability to porosity are de-

duced.
5. Concordances are noticed between the experimental results and existing empirical models.
6. No mold growth risks are observed for hemp concrete according to the pH index results.

Keywords
Climate data, aging protocol, similarity laws, material properties, uncertainty, mold growth,

heat and mass transfer.

1 Introduction
The choice of construction materials is based on thermal, environmental and sustainability

requirements [177, 178]. To attain these objectives, standards have risen over the final two de-
cades, such as the BREEAM, LEED and Green Globes certifications. Recently, it has become
more important to take into account the impacts of selected materials on various sustainability
indicators [179]. In this context, the use of conventional construction materials, such as concrete
and mortar, ensures a good building sustainability level. However, it contributes to almost half
of carbon dioxide emissions [180], making it one of the main contributors to global warming
[181].

To overcome this double issue, research is being conducted on a new generation of materials.
Partially based on cement or lime, bio-based materials [182, 183] would be a valuable contribu-
tion to a better energy and environmental performance. Apart from its benefits [184, 185], the
sustainability indicators of a bio-based material are difficult to predict when it undergoes heat
and moisture stresses. This statement is mainly due to the degree of complexity of a bio-based
material micro-structure [186, 187]. Additionally, a complementary solid phase is present in a
bio-based material, namely the plant fibers. These are sensitive to the presence of liquid wa-
ter and high temperatures. Both stress forms modify regularly the micro-structural properties
[188] and more particularly porosity. Affected properties can be mechanical, thermal, acoustic
[74]. This phenomenon is known as aging or weathering according to the scientific community.
Furthermore, the exposure of bio-based materials to such stresses may lead to microbial and
fungi growth risks [189] when suitable conditions occur.

Broadly stated, the aging of a material is merely a variation of its structure at the micro-scale
and the macroscopic properties related to its micro-structure. According to the literature, the
exposure of materials to high temperatures can induce aging. For example, This investigation
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[190] highlights the effect of age hardening on the mechanical properties of graphite-reinforced
aluminum composites fabricated by stir-casting routing. The fabricated specimens were subjec-
ted to an accelerated aging at the temperatures 170 ◦C, 270 ◦C and 500 ◦C. Based on an electron
microscope, fractured surfaces were analyzed to understand the failure mechanism.

Within This paper, conducted investigations focus more on aging due to heat and water
mass transfer. In the literature, numerous researches were interested in reproducing the effects
of natural aging of a material by proposing accelerated cycles of heat and humidity stresses
that are occasionally aggressive. Indeed, aging is a phenomenon that occurs withing a long
duration whose magnitude varies from several months to years. Therefore, this time issue arises
when applying a natural aging test in the laboratory. For this reason, evaluating the effects
of this long phenomenon requires the definition of accelerated experimental designs. According
to [191], authors aimed to recreate in laboratory the pathologies [192] observed on building
stones of ancient monuments in Sardinia. For this, samples underwent accelerated cycles of
thermo-hygrometric conditions and solar radiation based on a Mediterranean climate sequence.
Monitoring of some physical and mechanical properties before and after aging indicates the
appearance of decay patinas and a slight worsening of mechanical resistances. Moreover, an
accelerated hygrothermal aging was observed by means of wet-dry and freeze-thaw cycles. In
[193], an experimental test is carried out on a cement based composite with Silica Fume and
recycled textile waste. By considering wet-dry cycles, mechanical and durability properties of
the composite were assessed. It was shown that wet dry accelerated aging cycles affected ne-
gatively the post-cracking properties of the reinforced composites as compared to the initial
samples. Similarly to the previous study, the durability of different external thermal insulation
composite systems [194] was assessed. First, samples were subjected to heat, cold and rain
cycles at 70 ◦C, −20 ◦C and 1 L.m −2.min −1, respectively. Then, these were exposed to cycles
with 25 ppm of SO 2 pollutant. The experimental results showed that both surface hardness and
surface gloss decreased, whereas traces of biological growth were detected. Furthermore, im-
mersion and drying cycles were also adopted to approach aging. According to [72], the influence
of an accelerated aging is examined through a succession of entire immersion and drying cycles
at 50 ◦C during 40 days. Microscopic observations highlighted morphology changes of hemp
concrete and porosity variations caused by swelling and shrinkage phenomena. A significant
decrease in compression strength was noted for the weathered samples. In addition, thermal
conductivity and water vapor permeability were affected following the porosity variation.

Last mentioned studies contribute significantly to the evaluation of aging effects due to heat
and water mass transfers. However, proposed experimental designs are not entirely realistic and
lacks representativeness. First, defined stresses can either vary widely or be time constant while
lying on extreme weather conditions. In reality, the latter are not reached frequently. In this
perspective, the application of extreme weather condition based designs could overestimate the
aging effects. Moreover, to our best knowledge, the duration of these designs as well as the size
of used samples are not clearly related. Besides that, no equivalences between carried tests and
real scale configurations are defined. In this case, aging is only evaluated throughout down-
scaled, accelerated designs. Its effects at a real-scale configuration remains unknown. In this
regard, this paper provides two scientific contributions. First, the authors propose a methodo-
logy to develop a realistic, accelerated and a representative aging protocol. The latter is carried
out in the laboratory by proposing a suitable experimental approach. Secondly, the effect of
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this protocol is evaluated by studying the variation of properties of hemp concrete.

This paper will be organized respecting six sections. The first one highlights the methodo-
logy for the development of a long protocol based on three climate variables. Then, the laws
of similarity are defined and applied on a three-dimensional heat and mass transfer problem
in order to reduce the duration of the long configuration. Moreover, the third part exposes
the experimental campaign where the material manufacture, the studied properties, the mea-
surement procedure and the used equipment are described. In the results part, the introduced
methodology is applied by using climate data of a french city. In addition, the time variation
of properties is evidenced while performing the resulting protocol. Afterwards, the important
observations are interpreted and compared to empirical correlations. Finally, the conclusion
suggests to conduct similar protocols in order to enrich the aging database and integrate this
phenomenon in the prediction of hygrothermal behavior of bio-based construction materials.

2 Methodology for the development of an annual aging
design

2.1 Creating a representative aging design
A realistic long-term aging protocol is developed in a laboratory in this section. First, air

temperature T ext [◦C], rainfall flux j m [g.m−2.s−1] and short wave solar radiation j q [W.m−2] are
the climate variables used to elaborate this protocol. This represents the first assumption where
these variables are hold with a one-hour time step. Such data could be gathered thanks to wea-
ther station measurements [195, 196]. Afterwards, a typical week that represents a season is in
the framework of a second assumption. Several approaches to create such typical week [197]
exist based for instance on the averaging method.

Moreover, the assumption 3 is based on the consideration of the measurement uncertainty
on the rainfall flux sensor. It aims at neglecting the value of this quantity as long as it remains
smaller than the measurement uncertainty :

ĵ m ( t i ) =


j̄ m ( t i ) , if j̄ m ( t i ) ≥ j m , lim ,

0 , else .
(4.1)

The transition from Figure 4.1a to 4.1c illustrates the equation (4.1). Furthermore, it is pos-
sible to observe simultaneously solar radiation and rainfall during a natural climate scenario.
However, it is difficult to reproduce, during a laboratory test, both events at the same time.
In order to overcome this experimental difficulty, assumption 4 is required : thermal and water
stresses are time-separated. In particular, the presence of rain overrides that of solar radiation.
In parallel to this assumption, the rain sequences are regarded in the protocol as complete water
immersions. Consequently, an immersion indicator Γ m [−] is introduced :

Γ m ( t i ) =


1 , if ĵ m ( t i ) > 0 ,

0 , else .
(4.2)
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It represents an index that equals 0 if there is no rain and equals 1 when there is rain and the
material should be submitted to immersion (Figure 4.1e). Then, it is possible to introduce the
indicator related to heat stress as shown in Figure 4.1d. It is noted Γ q [−] and depends on Γ m

via the following expression :

Γ q ( t i ) = 1 − Γ m ( t i ) . (4.3)
Finally, an additional experimental limitation lies on the difficulty to control an incident heat
flux on the material in contrast to a temperature. A proposal consists in combining convection
and radiation effects during the protocol in order to model thermal stress [198, 199]. It repre-
sents the assumption 5. For this purpose, an equivalent temperature is defined when Γ m = 0
as illustrated in Figure 4.1f. It combines both air temperature and heat flux to express an
equivalent air temperature :

T eq ( t i ) = T̄ ext ( t i ) + b j̄ q ( t i )
h c

, (4.4)

where h c [W.m−2.K−1] is the heat convection coefficient and b [−] is the material surface absorp-
tivity. Note that the blank in Figure 4.1f means that the sample is submitted to an immersion
during these periods. In the end, Figure 4.2 resumes the aging protocol methodology that is
developed in this section. Accordingly, a typical week aging test is performed as shown in the
Figure 4.1g. During a week, the test consists in setting a temperature in the range 15 to 37 ◦C
over 12 hours. Following this, a 36-hour immersion period is performed. Subsequently, a 60-
hour temperature cycle ranging from 5 to 40 ◦C is applied. The material is then subjected to an
immersion for 46 h. Finally, a variable temperature is applied during the last 12 h. In the end,
this sequence represent the aging design of one typical week for one season. Thus, it is repeated
sequentially 13 times to produce the aging design of the whole season. Last, this procedure can
be extended to a whole year by repeating sequentially aging design of each of the four seasons.

As the aim is to assess the effect of a long-term aging (1 year) on a material, a regular
sample collecting is scheduled along the test. This is essential to characterize the material at
different instants of a year.
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Figure 4.1 – The approach of developing an aging design applied to an illustrative thermal
and water stress scenario. The variation during a typical week of precipitation (a),

temperature and solar radiation (b). Rain flux after considering the sensor uncertainty. (c)
Heat stress indicator (d). Immersion indicator (e) and equivalent temperature (f). The

resulting aging design during a typical week (g).
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2.2 The study assumptions
In this part, the assumptions that are set to obtain this experimental design are synthesized.

• Available climate data including air temperature, rainfall flux and solar radiation with an
hour time step measurement.

• Each year season is represented by a typical week which is hold and obtained via the
arithmetic mean method.

• Rainfall flux values that are smaller than the uncertainty of measurement, are neglected.
• Solar radiation sequences are not considered when coinciding with rainfall scenarios.
• An equivalent temperature is defined in order to represent the thermal stress.
• the aging protocol is repeated sequentially 13 times to produce a season aging protocol.

Then with similar procedure it is extended to one year.

Figure 4.2 – Synthesis illustration of the steps for the development of an aging protocol.

The next section describes the approach used to accelerate a long-term aging protocol. It
consists of three essential steps. First, a suitable heat and moisture transfer model is defined.
Secondly, this model is formulated in the dimensionless domain. Lastly, similarity laws are
deduced in order to propose a short duration experiment, that is equivalent to the long aging
test.

3 The accelerated aging protocol

3.1 Aging driving potentials

Due to immersion sequences and temperature variation, coupled heat and mass transfer
occur within porous materials. Due to immersion phases, the material is submitted to capillary
imbibition. Thus, the model of Philip and DeVries [200, 90, 201] is chosen here. The problem is
written according to a physical Cartesian basis using the coordinates x, y and z. Where x ∈ Ω x,
y ∈ Ω y, z ∈ Ω z and noting that Ω x = [ 0 , L x ], Ω y = [ 0 , L y ] and Ω z = [ 0 , L z ] are the space
domains. L x, L y, L z [m] are the material dimensions along x, y, z axes, respectively. Let Γ refer
to the material boundaries. Moreover, t ∈ Ω t is time where Ω t = [ 0 , t f ] is the corresponding
domain. t f [s] designates the final instant. Considering the three space dimensions, the model
is written as follows :

∂θ

∂t
= ∇ ·

(
D θ ∇ θ + D T ∇ T

)
, (4.5a)
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ρ C p
∂T

∂t
= ∇ ·

(
λ ∇ T

)
+ L v ρ l ∇ ·

(
D T V ∇ T + D θ V ∇ θ

)
. (4.5b)

Equations (4.5a) and (4.5b) introduce θ [−] and T [K] which represent the material moisture
content and temperature, respectively. D T [m2.s−1.K−1] is the mass transport coefficient asso-
ciated to a temperature gradient, D θ [m2.s−1] mass transfer coefficient associated to a moisture
content gradient, ρ [kg.m−3] material density, C p [J.kg−1.K−1] specific heat, λ [W.m−1.K−1] ther-
mal conductivity, L v [J.kg−1] heat of vaporization, ρ l [kg.m−3] water density, D T V [m2.s−1.K−1]
vapor phase transport coefficient associated to a temperature gradient, D θ V [m2.s−1] vapor
phase transport coefficient associated to a moisture content gradient. Additionally, The diffu-
sion coefficients mentioned above are related according to Eq. (4.6) :

D T = D T L + D T V , D θ = D θ L + D θ V , (4.6)
where D T L [m2.s−1.K−1] and D θ L [m2.s−1] are the liquid phase transport coefficients associated
to a temperature and moisture content gradients, respectively. Besides D θ, water vapor permea-
bility K v [s] represents the most measured property for the evaluation of the hydric behavior
of a porous material. It is given by Equation (4.7) :

K v = k s
ρ v

µ v

, (4.7)

where µ v [kg.m−1.s−1] and ρ v [kg.m−3] are the dynamic viscosity and density of water vapor,
respectively. In addition, k s [m2] designates the intrinsic permeability, it depends only on the
structure and pores interconnections and not on the fluid which flows inside a material. Per-
forming a total immersion requires the use of a Dirichlet boundary condition which is given in
Eq. (4.8) :

θ = θ sat , ( x, y, z ) ∈ Γ , t ∈ Ω t , (4.8)
where θ sat [−] defines the material moisture content at the saturation state. Furthermore, heat
stress is represented on the basis of the equivalent temperature. In this context, the heat
boundary condition at Γ is assumed of the Dirichlet type while using the mentioned temperature.
This condition is expressed in the following :

T = T̃ eq , ( x, y, z ) ∈ Γ , t ∈ Ω t . (4.9)
At the initial state, material temperature and moisture content are known and assumed constants.
The initial condition of the material is expressed via Eq. (4.10) :

θ = θ 0 , T = T 0 , x ∈ Ω x , y ∈ Ω y , z ∈ Ω z , t = 0 . (4.10)

3.2 Dimensionless formulation
In order to scale the physical model, each variable would be associated to a constant. In the

dimensionless domain, space coordinates and time are as follows :

x ⋆ = x

L 0
, y ⋆ = y

L 0
, z ⋆ = z

L 0
, t ⋆ = t

t f

. (4.11)

L 0 [m] is a length which is defined as L 0 = max {L x , L y , L z}. Subsequently, dimensionless
temperature and water content are defined :
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T ⋆ = T

T 0
, θ ⋆ = θ

θ 0
. (4.12)

Moreover, the dimensionless material properties are given as follows :

D ⋆
θ = D θ

D θ 0
, D ⋆

T = D T

D T 0
, ρ ⋆ = ρ

ρ 0
, C ⋆

p = C p

C p 0
, (4.13a)

λ ⋆ = λ

λ 0
, L ⋆

v = L v

L v 0
, D ⋆

T V = D T V

D T V 0
, D ⋆

θ V = D θ V

D θV 0
. (4.13b)

In this study, the scaling constants, that are associated to the material properties, are those
evaluated at the dry state. Characteristic vaporization heat is provided at T = T 0. Finally, the
boundary conditions are :

θ ⋆
sat = θ sat

θ 0
, T ⋆

eq = T̃ eq

T 0
. (4.14)

The next step is to replace the variables in the physical model by the dimensionless quantities.
Thus, Eqs. (4.5a) and (4.5b) are transformed into :

∂θ ⋆

∂t ⋆
= Fo m ∇ ⋆ ·

(
D ⋆

θ ∇ ⋆ θ ⋆ + D ⋆
T δ ∇ ⋆ T ⋆

)
, (4.15a)

ρ ⋆ C ⋆
p

∂T ⋆

∂t ⋆
= Fo q ∇ ⋆ ·

(
λ ⋆ ∇ ⋆ T ⋆

)
+ α Fo q L ⋆

v ∇ ⋆ ·
(

D ⋆
T V ∇ ⋆ T ⋆ + D ⋆

θV γ ∇ ⋆ θ ⋆
)

. (4.15b)

Accordingly, certain dimensionless numbers are obtained. In particular, The Fourier number
which is related on one hand to heat transfer via the constant Fo q, and on the other to mass
transfer thanks to Fo m. These are expressed according to :

Fo m = D θ 0 t f

L 2
0

, Fo q = λ 0 t f

ρ 0 C p 0 L2
0

. (4.16)

Thereafter, δ, α and γ represent dimensionless numbers as well and are defined as follows :

δ = D T 0 T 0

Dθ 0 θ 0
, α = Lv 0 ρ l D T V 0

λ 0
, γ = θ 0 D θV 0

T 0 D T V 0
. (4.17)

As an example, the dimensionless formulation of mass and heat boundary conditions is :

θ ⋆ = θ ⋆
sat , x ⋆ = 0 , t ⋆ ∈ [ 0 , 1 ] , (4.18a)

T ⋆ = T ⋆
eq , x ⋆ = 0 , t ⋆ ∈ [ 0 , 1 ] , (4.18b)

The same boundary conditions are applied for the surfaces given by the Equations x ⋆ = 1,
y ⋆ = 0, y ⋆ = 1, z ⋆ = 0 and z ⋆ = 1. Lastly, dimensionless water content and temperature at
the initial state are written as follows :

θ ⋆ = 1 , T ⋆ = 1 , x ⋆ ∈ [ 0 , 1 ] , y ⋆ ∈ [ 0 , 1 ] , z ⋆ ∈ [ 0 , 1 ] , t ⋆ = 0 . (4.19)
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3.3 Similarity laws
Similarity represents a mathematical law that aims to set links of equivalence between

different configurations. The latter can be different in terms of space dimensions, time scale
and magnitude of physical properties. The use of these laws is widespread in many scientific
fields, especially in fluid dynamics and aerodynamics [202, 203, 144, 86]. Through similarities,
these real scales are reduced into small experimental designs to facilitate the investigations.
Similarity of heat and mass transfer has also been investigated and verified experimentally in
[155, 204, 94, 95].

In the ongoing study, similarity laws are used to reduce the duration that is required to
conduct the aging design experiment. For this purpose, assume that a physical quantity is noted
X for a reference configuration 1 and X for a reduced configuration 2. Thus, both configurations
are similar if the obtained dimensionless numbers remain the same when going from the long
to the short configuration :

Fo m = Fo m , δ = δ , α = α , Fo q = Fo q , γ = γ . (4.20)
Since the material is assumed equal from a macroscopic point of view between configurations,
heat and moisture properties at the dry state and their variation laws are identical. Moreover,
assume θ 0 = θ 0 and T 0 = T 0. Consequently, the equality in Fourier numbers leads to the
following equivalence :

t f

t f

= L 2
x

L x
2 =

L 2
y

L y
2 = L 2

z

L z
2 . (4.21)

At this level, the coefficient Σ is introduced which designates the scaling parameter between
the two configurations. It is defined as follows :

Σ = L x

L x

= L y

L y

= L z

L z

. (4.22)

It represents the ratio of a material dimension in configuration 2 to the one in configuration 1.
In this respect, the duration of an experiment in configuration 2 is obtained :

t f = Σ 2 t f . (4.23)
If Σ < 1, then the reference configuration 1 undergoes a reduction and the reduced configuration
2 is obtained. In this case, the dimensions of the material in the second configuration are
necessarily smaller than the ones in the first configuration. Further on, sections 5.1 and 5.2
expose the configurations 1 and 2, which are also called "reference" and "reduced", respectively.

4 Experimental facility
This section focuses on the experimental part of the study. First, the material is presented

while specifying the adopted formulation. Then, material properties are defined for the measu-
rement. Finally, the devices dedicated to the experimental characterization are described.
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4.1 Material
The study is carried on hemp concrete which is a bio-based material and used increasingly to

reinforce wall thermal insulation. The manufacturing phase is carried according to the standards
NF EN 459, NFP 15−314 and NF EN 197−1. These recommend the following mass proportions
in the case of a wall design : 16 % of hemp shives, 34 % of lime and 50 % of water. The lime
is provided from the TradicalR PF 70 product. It is a formulated lime of class FL A 3.5 in
accordance with the standard NF EN 459.

(a) (b)

Figure 4.3 – Hemp concrete samples during immersions (a) and heat stress (b).

Generally, it is meant, once mixed with aggregates and water, to make laying mortars,
hollow or full bricks. In the raw state, its thermal conductivity is less than 0.2 W.m−1.K−1 and
its density is around 620 kg.m−3. Furthermore, the used hemp is issued from the Biofibat mark.
It is a granulate made exclusively of calibrated and dust-free hemp straw, whose transformation
process requires neither water nor solvent. Its density is estimated at 110 kg.m−3 and its thermal
conductivity is about 0.05 W.m−1.K−1. The manufacturing phase [72, 205] includes the mold
preparation, the mixing of the different components, the curing and finally the storage of
samples. Finally, 18 cubes and 18 cylinder samples are prepared for the aging protocol and the
experimental characterization. In effect, 36 samples undergo the aging design. During the latter,
it is agreed to define 9 measurement instants including the initial instant and the final one. At
each defined instant, 2 cube and 2 cylinder samples are removed to conduct measurements.

4.2 Measured properties to evaluate material aging
A mixing step was carried out during the material manufacture in order to ensure a mixture

homogenization. It is nearly certain that one mold does not contain necessarily the same binder
and hemp amounts as others. In addition, time variation in a property will be obtained based
on measurements on different samples at different instants of the design. To do so, it must be
ensured that a time variation in a property is only due to aging, and not induced by differences
between samples. As for measured properties, the impact of aging is investigated on porosity,
thermal conductivity, vapor permeability and pH. For this purpose, cylinder samples are used
to determine water vapor permeability, while other properties are measured on cube samples.
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Hereafter, the quantity p is introduced, it represents typically each of the above mentioned
properties except of pH. At each design instant, N p [−] property measurements are performed in
order to take into account a random uncertainty. Table 4.1 resumes the measurement number N p

for each property. The difference in N p between properties is due to the sample size considered
in each case.

Table 4.1 – Measurement number N p at each instant according to the aging design to
determine thermal conductivity, porosity, vapor permeability and pH indicator.

Property Thermal conductivity Porosity Vapor permeability pH
N p 4 6 2 4

Since all measurements are carried at the dry state, it is stated that a property varies
according to density and aging effect (excluding the pH indicator which does not depend on
density). In this respect, a corrected time variation in a property p is deduced by carrying out
a Taylor development of first order :

p ( t i ) = p̄ ( t 0 ) + ∂p

∂ρ

(
ρ̄ ( t i ) − ρ̄ ( t 0 )

)
. (4.24)

where i ∈ { 0 , 2 , ... , m − 1 } and m = 9 is the instant number when measurements are perfor-
med. Furthermore, p̄ ( t 0 ) and ρ̄ ( t 0 ) are the values of a property and density that are measured
at t = t 0 (before the aging protocol). According to (4.24), a corrected variation in p is assessed
by considering the carried measurement on one hand. On the other hand, the property deriva-
tive with respect to density is required as well. Throughout the remaining sections, the notation
p̄ is dedicated to an experimental result.

The uncertainty propagation formula [134] is applied on the Equation (4.24) in order to
determine the entire uncertainty on a corrected property p. Remark that this equation includes
p̄ and ρ̄ which vary likewise within corresponding confidence intervals. In this respect, the entire
uncertainty σ p is given as follows :

σ p ( t i ) =
(

σ 2
p̄ 0 + ∂p

∂ρ

2 (
σ 2

ρ̄ ( t i ) + σ 2
ρ̄ 0

)) 1
2

. (4.25)

σ p̄ 0 , σ ρ̄ and σρ̄ 0 are the entire uncertainties on p̄ ( t 0 ), ρ̄ ( t i ) and on ρ̄ ( t 0 ). Thus, only σ ρ̄ is
time-dependent, other quantities are constants.

4.3 Experimental equipment
This part describes the different experimental equipment that are used for the measurement

of the properties introduced in Section 4.2. This part emphasizes also the conformity of these
tests to international standards as well as the systematic uncertainty related to each equipment.

4.3.1 Climate chamber

Before initiating the aging protocol, it is necessary to ensure that all samples are set at the
initial temperature required by this test. This temperature value depends on the climate that
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is chosen to develop an aging protocol. For this reason, the samples are placed in a thermal
chamber that controls air temperature. This equipment is issued from the mark memmert and
the generation UN75 plus. Furthermore, temperature variations are programmed thanks to the
AtmoCONTROL software, which can be processed by the thermal chamber.

4.3.2 Thermal conductivity

It represents the first measured property. The test is carried out using the λ − Meter EP500e.
It is a device based on an embedded PC for performing absolute value measurements following
the single plate method in accordance with ISO 8302, DIN EN 1946-2, DIN EN 12667, DIN
EN 12664, ASTM C177, DIN 52612. The measuring zone is located in the center of the plate
and has a different size depending on the device version (e.g. 200 × 200 mm2 or 150 × 150 mm2).
According to the technical data of the manufacturer, the device is accurate within a relative
systematic uncertainty of σ λ̄, sys = 1 %.

4.3.3 Porosity

The porosity that is accessible to water informs about the amount of voids contained in
a material. The experimental evaluation of this quantity is based on the protocol proposed
according to the NF P18-459 standard. This method requires the use of a desiccator, a pump
and a balance. The desiccator is connected on one side to the pump and on the other to a
water reservoir. First, 5 × 5 × 5 cm3 samples are placed in an empty desiccator. The test is
initiated by a degassing step for 4 hours using the pump. Afterwards, the desiccator is filled
with a sufficient quantity of water to ensure the saturation of samples. This operation is carried
under a vacuum for two days. Then, saturation continues for one week while the pump is
off. By means of a balance, a saturated sample is weighed twice. Its mass in open air M a is
evaluated first. Then, a second mass M w is obtained by performing a hydrostatic weighing
which is based on the principle of Archimedes buoyancy. Finally, the mass at the dry state
M d is also measured. For this purpose, it is placed in the thermal chamber at a temperature
T = 105 ◦C while performing weighting each 24 hours and considering an equilibrium criterion
of 0.05 % between two successive values. Based on the values of M a, M w, M d [g], a porosity n̄
is calculated according to the Equation (4.26).

n̄ = M a − M d

M a − M w

. (4.26)

4.3.4 Vapor permeability

The experimental characterization includes also the measurement of vapor permeability. As
discussed previously, the latter describes the capacity of a material to let a water vapor diffusion
throughout its thickness under a vapor pressure gradient in the steady state. The measurement
of this property is conducted using the Gravitest device which is based on the cup method with
respect to the ISO 12572 standard. The main feature of this device is the automated mass mo-
nitoring thanks to an accurate balance with an uncertainty of σ m = 10−4 g. The test consists
in exposing the two sample facets to two different relative humidity, by using a saturated saline
solution on one side and a climate cell on the other.
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The relative humidity gradient generates a vapor flux going from high to low pressures.
Thereafter, this flux is evaluated through a regular weighing in order to assess the water vapor
transmission rate at the equilibrium. The test is performed on dry cups where the relative
humidity inside is set at 3 % using silica gel and 50 % outside. Temperature and air velocity
are set at 25 ◦C and 2 m.s−1 respectively. The manufactured cylinder samples of 8 cm diameter
and 5 cm height are used to conduct this test. Finally, the systematic uncertainty on vapor
permeability is not stated explicitly in the technical data of this equipment. It can be assessed
by considering the accuracy of the balance σ m as well as the uncertainty on relative humidity
σ ϕ = 1.5 %, which is given within the technical data. In this respect, the systematic uncertainty
on vapor permeability σ K̄v , sys [s] is deduced according to the uncertainty propagation formula :

σ K̄v , sys = K̄v

((
σ m

m

)2
+
(

σ ϕ

∆ ϕ

)2 ) 1
2

, (4.27)

K̄ v [s] is a measured vapor permeability and ∆ ϕ [ %] the relative humidity discrepancy between
the inside and the outside of a cup. m [kg] is the mass of vapor diffused through a sample in
the steady state.

4.3.5 The pH index

The mold growth is one of the aspects that reflect the degradation of green or bio-based
materials such as wood or hemp concrete. In this regard, the pH indicator represents a chemical
property which informs on the possibility of getting a fungal growth along the aging process.
Its measurement is based on the use of the pH-meter 780 from Metrohm and the preparation
of aqueous solutions. Firstly, the equipment is calibrated by means of two buffer solutions with
the following pH values 4 and 7. Following the last operation, the systematic uncertainty is
constant and is estimated at σ pH, sys = 0.003. Thereafter, aqueous solutions are made by dilu-
ting sample powder in distilled water according to the liquid-solid ratio 9 ml.g −1.

Next section highlights first the reference configuration that is considered for the applica-
tion of similarity. Afterwards, based on a scaling parameter value, the reduced configuration
is deduced. Moreover, Section 5.3 highlights the effective aging protocol with regard to the
theoretical one. Both are compared and discrepancies are quantified during each season. Sub-
sequently, time variation in properties, i.e. thermal conductivity, porosity, vapor permeability
and pH index, is illustrated with the consideration of corresponding uncertainties (Equation
(4.25)).

5 Results

5.1 Reference configuration

The reference configuration is defined by hemp concrete cube samples with the dimensions
L x = 15 cm, L y = 45 cm and L z = 45 cm. In addition, cylinders are also considered, where
the diameter and the height equal d = 24 cm and h = 15 cm, respectively. Note that in the
appendix part, Section 1 establishes these laws for a cylindrical coordinate system.
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Figure 4.4 – The immersion indicator and the equivalent temperature variations during the
reference configuration. Sub-figures (a),(b),(c) and (d) refer to typical weeks representing

Autumn, Winter, Spring and Summer, respectively.

The sample is exposed to immersion and heat stress cycles. For this, the climate in La Rochelle
(France) for the year 2020 is chosen [206]. Remind that 2020 is a leap year which includes
the 29 th of February. The cycles are obtained for each season by following the methodology in
Section 2. The sensors used to measure rainfall, radiation and outdoor temperature are accurate
to the order 0.05 g.m−2.s−1, 1 W.m −2 and 0.3 ◦C respectively. Thermal and water stress are
shown for each season in Figure 4.4. It illustrates the succession of immersions and thermal
stresses during the four typical weeks thereby t = 168 h. These sequences are repeated N w = 13
times while following the season order.

5.2 Reduced configuration
The equivalent protocol carried in the laboratory, which represents the reduced configura-

tion, correspond to hemp concrete cube samples with the following dimensions L x = 5 cm,
L y = 15 cm and L z = 15 cm. As for the cylindrical samples, d = 8 cm and h = 5 cm. Hence,
the scaling parameter is obtained Σ = 1

3. Indeed, by writing the model under the cylindrical
coordinates, the scaling parameter links both configurations by means of the radius and the
diameter.
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Figure 4.5 – The immersion indicator and the equivalent temperature variations during the
reduced configuration. Sub-figures (a),(b),(c) and (d) refer to typical weeks representing

Autumn, Winter, Spring and Summer, respectively.

As for the duration of a reduced typical week, t = Σ 2 t ≃ 18.66 h. Figure 4.5 illustrates
the aging protocol in the reduced configuration during the four season sequences. Notice that
similarities maintain the same magnitude of the climate stress when comparing this protocol to
the one introduced in the previous Section. However, the duration of typical weeks is reduced by
Σ 2. Last, it is worth noting that each sequence is iterated also 13 times starting with Autumn
in order to reproduce the climate scenarios that occur during a year.

Table 4.2 – Cube and cylinder sample dimensions in the reduced and reference configuration.

parallelepiped samples Cylinder samples
Length [cm] Depth [cm] Height [cm] Diameter [cm] Height [cm]

Reduced configuration 5 15 15 8 5
Reference configuration 15 45 45 24 15

5.3 Effective experimental design
As a reminder, the reduced aging design is initiated with 36 samples. In addition, the transi-

tion from an imbibition to a thermal stress and vice versa is carried out manually. Consequently,
the duration of each seasonal sequence is relatively longer than the theoretical duration. In this
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respect, Table 4.3 shows the theoretical cycles duration in each seasonal sequence. The purpose
of this part is the estimation of time deviations between the theoretical and effective duration
in each sequence. For this reason, the quantity t ef [h] is introduced and refers to the effective
duration of a season sequence.

Table 4.3 – Theoretical duration of immersion (IM) and heat stress (HS) in the reduced
configuration for each season sequence.

Autumn Winter Spring Summer
Stress Duration [h] Stress Duration [h] Stress Duration [h] Stress Duration [h]

HS 1.66 HS 2.88 HS 1.78 HS 0.66
IM 2.66 IM 0.86 IM 0.78 IM 0.11
HS 4.45 HS 9.33 HS 2 HS 0.66
IM 1.55 IM 1.33 IM 1.45 IM 0.11
HS 3.55 HS 4.23 HS 12.66 HS 12.88
IM 2.45 - - - - IM 0.66
HS 0.66 - - - - HS 0.23
IM 1.11 - - - - IM 0.11
HS 0.66 - - - - HS 0.66
IM 1.11 - - - - IM 0.11
- - - - - - HS 2.45

Figure 4.6 highlights the variation in the mean effective duration for each season sequence
according to the theoretical. These mean values are obtained on the basis of the sequence
iterations. As illustrated particularly during the Autumn sequence, a transition corresponds
to instants where the t ef slope becomes larger. In this context, remind that the duration of
a seasonal sequence in the reduced configuration is t = 18.66 h. In Autumn, the sequence
duration is estimated at 20.87 h. It represents the longest one with a delay of 2.31 h. Obviously,
this observation is due to the frequent operations and the large sample number at the beginning
of this test. In parallel, Winter and Spring overall delays are about 0.79 and 0.37 h, respectively.
Note that this decrease between both sequences is related only to the remaining samples which
are more numerous in winter. Indeed, both sequences are equal in terms of operation number
(three drying and two immersions). Lastly, Summer sequence is relatively longer than Spring
with a delay of about 0.47 h. Indeed, there are fewer samples that remain during Summer,
whereas more operations are performed during this sequence (Table 4.3). As shown in Table
B.1, all delays are listed where the statistical information, related to each duration, is estimated
using the mean and the standard deviation.
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Figure 4.6 – Theoretical (red) and effective mean (green) duration of the Autumn (a),
Winter (b), Spring (c) and Summer (d) sequences.

In the next part, time variation in thermal conductivity, porosity and vapor permeability is
obtained after considering the correction defined by Equation (4.24). Results in terms of pH are
also highlighted. The objective is to show the effect of the developed protocol on the variation
of the properties set by this study.

5.4 Time variation of properties
In the study, the entire uncertainty on each property is evaluated using the propagation

formula [134]. It combines, in this case, the random aspect of an experiment and the systematic
precision of a device [207]. Corrected results are given directly for thermal conductivity, poro-
sity and vapor permeability. These data are introduced in Table 4.4. ρ̄ cub represents the density
of cube-sized samples that are used to measure thermal conductivity and porosity. While ρ̄ cyl

is the density of cylindrical samples that are considered for vapor permeability measurements.
Therefore, the correction of thermal conductivity and porosity measurements is assessed ac-
cording to ρ̄ cub. As for a corrected vapor permeability measurement, it is calculated respecting
ρ̄ cyl. Note that the same formulation of hemp concrete yields a variability for each property. In
this context, the density of a sample can vary between 483 and 553 kg.m−3. In terms of thermal
conductivity, it can reach 82 and 98 mW.m−1.K−1 as minimum and maximum, respectively. For
porosity, the obtained values range between 0.744 and 0.786 in this case. Finally, the magnitude
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of vapor permeability varies between 10−12 and 10−11 [s]. When comparing these values with
those of the literature, it is noticed that they are of the same order of magnitude with previous
studies for similar hemp concrete formulations [208, 209].

Table 4.4 – Mean and corrected measurements of thermal conductivity, porosity and vapor
permeability at the different protocol instants with the corresponding densities.

t [h] ρ̄ cub [kg.m−3] λ [mW.m−1.K−1] n [-] ρ̄ cyl [kg.m−3] K v [10−11 s]
0 545.57 91.29 0.778 534.41 1.581

122 532.95 96.16 0.761 526.1 0.874
244 533.65 89.92 0.785 523.51 1.584
366 509.47 98.57 0.748 521.3 0.505
488 483.02 95.27 0.764 553.85 0.969
610 507.74 97.49 0.754 505.88 0.814
732 518.2 95.23 0.77 495.18 1.09
854 526 92.09 0.774 534.32 1.31
976 505.1 103.18 0.74 528.79 4.63
Std 17.82 3.85 0.014 15.96 1.162

According to Equation (4.24), the correction of a property variation requires the determina-
tion of the derivative with respect to density. In [41], the authors studied different formulations
of hemp concrete. In each case, properties were measured including density, thermal conduc-
tivity and porosity. Based on the latter, thermal conductivity and porosity variations, with
respect to density, are approximated in this study as linear functions. Furthermore, due to the
lack of data regarding vapor permeability, an assumption is made for this purpose. This hypo-
thesis states that the variation in K v according to ρ is obtained, supposing that the minimum
and maximum measured values of vapor permeability correspond to those of porosity in the
correlation. These correlations are given in the Appendix part according to Figures B.1 and
B.2. As a result, Equation (4.28) highlights the approximated values of λ, n and K v derivatives
according to ρ :

∂λ

∂ρ
≈ 1.22 .10−4 m4.s−3.K−1 ,

∂n

∂ρ
≈ −1.13 .10−4 kg−1.m3 ,

∂K v

∂ρ
= −3.65 .10−14 kg−1.m3.s (4.28)

Having these derivative values, time variation in a property can be calculated in the down-
scaled configuration and deduced for the reference configuration. Firstly, porosity time variation
is illustrated in Figure 4.7a. According to the latter, porosity drops then increases during Au-
tumn, Winter and Spring with different variation rates. In Summer, it is different where a slight
increase followed by a drop are observed. As for uncertainty, it is minimal at t = 10.5 months
with a value of 4.47 10−3 [−] and maximal at t = 3 months where a value of 1.09 10−2 [−] is noti-
ced. With regard to thermal conductivity, it varies depending on time as shown in Figure 4.7b.
It varies from a minimum to a maximum equal to 89.92 and 103.19 mW.m−1.K−1, respectively.
In terms of uncertainty, its variation is random and can reach 1.36 and 4.15 mW.m−1.K−1 as
extremes. Remind that these are entire uncertainty values. They are induced on the one hand
by the random variation in density and studied properties between samples at each instant
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(random uncertainty). On the other, they are also due to systematic uncertainties throughout
the aging protocol. Furthermore, thermal conductivity decreases during Autumn, increases
slightly in winter, goes up during Spring and Summer. It is noteworthy that porosity varia-
tion is the opposite to that of thermal conductivity. Indeed, a decrease in porosity according
to time is followed with an increase in thermal conductivity and vice versa. When examining
time variation in porosity, thermal conductivity over a year, the discrepancies 3.8 10−2 [−] and
11.89 [mW.m−1.K−1] are found, respectively. In this case, the aging design has a real effect on
the material since variation on both properties is larger than twice obtained uncertainties. In-
deed, the maximal uncertainty is 1.09 10−2 [−] for porosity and 4.15 [mW.m−1.K−1] for thermal
conductivity.
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Figure 4.7 – Time variation in porosity (a), thermal conductivity (b), intrinsic permeability
(c) and pH indicator (d) while considering the reference time scale.

In addition, it is chosen to study the influence of the aging protocol on the intrinsic per-
meability introduced in Equation (4.7). Indeed, this property is linked directly to the micro-
structure of a porous material, contrary to the vapor permeability which depends also on the
characteristics of the fluid "vapor". The variation in intrinsic permeability is deduced and high-
lighted in Figure 4.7c. Intrinsic permeability varies within an interval delimited by 8 10−17 and
2.74 10−16 m2 as lower and upper bounds, respectively. In terms of uncertainties, it is almost
constant and its values range around 6.16 10−17 m2. As for the impact of each season sequence,
the same scenario of porosity is observed for this property.
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Table 4.5 – Sample powder quantities used for pH measurements.

t [months] 0 1.5 3 4.5 6 7.5 9 10.5 12
m powder [g] 27.91 26.76 25.78 23.29 25.75 29.6 29.17 23.78 25.96

Std 2.93 3.18 1.7 0.71 2.23 2.17 2.35 1.94 1.16

Afterwards, the last test is destructive and aims to measure pH values at each instant.
This property is chemical and does not depend on density when performing measurements on
a same material. Consequently, the variation in this property does not require any correction
and is directly due to climate stress. Figure 4.7d illustrates time variation in pH with respect
to the reference time scale. The values are measured on the basis of powder masses that are
given in Table 4.5. pH mean values are calculated each instant based on N pH = 4. pH indicator
is relatively decreasing from 12.6 to 11.98. In addition, it is noticed that the most uncertain
value is the one measured after 9 months with a dispersion estimated at 0.38. This uncertainty
is significantly higher than the ones at all other instants. This means that selected sample
powders represent a high chemical variability. Moreover, the effect of aging is confirmed through
the variations in intrinsic permeability and pH indicator over a year. The sum of calculated
uncertainties at the initial and final instants is smaller than the corresponding discrepancy for
both properties.

6 Discussion
In this section, the uncertainties evaluated on the different properties are addressed with

respect to the number of samples that have been considered for measurements. Next, the risk
of mold growth is evaluated based on the pH indicator data. Furthermore, the results related
to thermal conductivity, intrinsic permeability are exploited in order to deduce their variation
according to porosity. Finally, the last part focuses on the effect of climatic loads on porosity.

6.1 Uncertainty
In this study, properties measurements are given every 1.5 months considering the reference

time scale. The experimental data are provided after conducting the effective design which is
defined by the theoretical one plus the additional time deviations (Section 5.3). These time
lags are induced during the practical application of the experimental design. Based on that,
it is assumed that the data in Table 4.4 are not influenced by this uncertainty. In reality, a
change in the duration of an immersion or a thermal stress could change the micro-structure of
hemp concrete and thereby, vary λ and k s. Indeed, a delay in an operation induces a duration
decrease of the next one. For this reason, this assumption could be consequent.

Furthermore, the estimation of a random uncertainty that is related to a measurement is
relevant in this study. Remind that porosity is the property with the largest number of measure-
ments, which is 6 at each design instant. In general, the estimation of random uncertainty with
a good accuracy relies on the consideration of a large number of samples [134]. The disposition
of few samples would lead to an inaccurate standard deviation. In this study, measuring less
properties would have increased the estimation accuracy of random uncertainties by disposing
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of more samples. An analysis of magnitude revealed that the random uncertainty represents
from 50 to 97 % of the entire uncertainty for the case of thermal conductivity. A consideration
of more samples would have decreased this large range of magnitude.

6.2 pH indicator and mold growth risk
Based on Figure 4.7d, weathering may have an effect on the pH variation, although the

noticed decrease remains minor. According to [210], bio-based material formulations were resis-
tant to fungal growth after an accelerated aging, based on microscopic observations. After pH
measurements, the corresponding values were greater than or equal to 10. In addition, the same
work highlighted that other hemp concrete formulations have a significant fungal development
for pH values less than or equal to 6. Relying on these investigations, it is deduced that a
sample of hemp concrete, having the dimensions indicated in Section 5.1, is not susceptible to
mold growth over a one-year period in La Rochelle. However, a potential risk could be imagined
after a long time by adopting the same climate. For example, pH might reach a value of 6 after
about 10.64 years when considering an annual and linear decrease of 0.62.

6.3 Variation in thermal conductivity and intrinsic permeability de-
pending on porosity

Based on the results in Figures 4.7a and 4.7b, variation in thermal conductivity according
to porosity is deduced as shown in Figure 4.8a. At the dry state, an increase in pore volume
induces more accessible air space. As a result, the insulating property of hemp concrete is im-
proved according to a decrease in thermal conductivity. This variation is linked to an increase
in porosity. In parallel, mass transfer properties are also affected by a micro-structure evolution.
This statement is confirmed thanks to Figure 4.8b. An increase in porosity is followed by an
increase in ks. This finding can be justified by water vapor flux that become larger as a result
of a pore size increase.

Relating thermal conductivity and intrinsic permeability to porosity is useful. Indeed, mea-
suring only porosity throughout another aging design could be sufficient to deduce thermal
conductivity and intrinsic permeability. Furthermore, it is interesting to compare the experi-
mental results in this study to empirical models which were provided in the literature. As for
thermal conductivity, it is defined for a porous medium considering the solid matrix, water in
liquid and gas form and dry air [18] as follows :

λ = n S l λ l + n ( 1 − S l ) λ air + ( 1 − n ) λ s, . (4.29)
In this formula, porosity, saturation degree in water S l, water thermal conductivity λ l, the
one of solid phase λ s and that of dry air λ air are highlighted. Given that measurements were
carried at the dry state, the saturation degree in water is neglected S l ≃ 0. Considering that
λ air = 0.025 W.m−1.K−1. It is assumed that this quantity is very negligible compared to solid
phase thermal conductivity, i.e. λ air ≪ λ s. Thus, thermal conductivity is expressed under
theses hypotheses according to the following model :

λ ≃ ( 1 − n ) λ s . (4.30)
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Figure 4.8 – Thermal conductivity variation according to porosity (a) and its confrontation
to an empirical model (b).

Based on Equation (4.30), thermal conductivity is a linear function of porosity where the
slope is negative −λ s [211] and the ordinate at n = 0 is λ s. Lying on Figure 4.8a, the mo-
del is relatively in accordance with the experimental result. The curve covers mostly all va-
lues and their associated confidence intervals. In this case, the parameter λ s is estimated at
403.88 mW.m−1.K−1. Moreover, by considering the used amounts of water, lime and hemp fibers
during the formulation, a value of 375 mW.m−1.K−1 is calculated. This value is assessed on the
basis of the law of mixture. Note that it is close to the value obtained theoretically by the model.

Further, three empirical models linking the intrinsic permeability to porosity, are introduced
based on [18]. The tube model represents the simplest case where the pore network of a material
is modeled by tubes that are parallel to the direction of water flow :

k s = n
d 2

32 , (4.31)

where d [m] represents the diameter of tubes. The second approach consists in considering a
pore path as a narrow capillary fissure. The fissure model is expressed as follows :

k s = n 3

( 1 − n ) 2
a 2

12 , (4.32)

where a [m] denotes the mean grain size. The last model uses the notion of the hydraulic radius
in the context of an interconnected channel network. The development of the model is based
on a relation that links the hydraulic radius to porosity and specific area. According to this
model, the intrinsic permeability is expressed by Kozeny − Carman :

k s = c 0
n 3

( 1 − n ) 2
1

M 2
s

, (4.33)

where M s [m−1] represents specific area which is referred to a volume unit of the material solid
phase, and c 0 [−] is a fitting constant that was introduced by Carman.

As shown in Figure 4.8b, the intrinsic permeability empirical laws are plotted. Regarding the
tube model, it shows that except for the first two values, the remaining are not in agreement with
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the experimental result. This confirms the complexity of the micro-structure of hemp concrete
[212], i.e. there are no privileged directions inside the pore network and the pore size distribution
is large. In addition, the fissure model is in a good concordance with the experimental values.
The corresponding curve crosses the confidence interval of each experimental value. According
to calculations, the law of variation in intrinsic permeability is relatively similar to the one
of clay-stone. Indeed, a grain size of a = 0.164 µm is obtained theoretically. This value is
literally close to 2 µm which represents the mean grain size of clay [213]. Finally, the curve
corresponding to the second and last model are overlapped. Indeed, the term that depends on
porosity is identical in Equations (4.32) and (4.33). The difference lies on the parameters of
each model. Specific area could be measured using the BET theory [214] (Brunauer, Emmett
and Teller). Hence, by disposing of such data, c 0 can be deduced for this formulated hemp
concrete in further investigations.

6.4 Variation in porosity due to climate loads
Before addressing the evolution of porosity, it is important to recall the micro-structural

behavior of a bio-sourced material due to heat and moisture stress. In particular, the absorption
of a water quantity leads to the swelling of hemp fibers [72]. Meanwhile, the increase of humidity
causes the expansion of pores which are accessible to water. In addition, the coalescence of
micro-pores occurs, which are adjacent to each other, in order to form larger ones [215]. As a
result, the open porosity increases after an immersion operation. The other case, which is the
shrinkage of these fibers, is induced by the exposure to high heat radiation (drying). After the
absorption of a large heat amount, pore volume decreases while bulk volume remains the same,
which leads to the drop in porosity. Based on this analysis, porosity evolution in this study
could be interpreted by considering the climate loads during each season. Mainly, immersion
frequency and thermal stress intensity could be the parameters that affect porosity. This is
consistent with the variation in porosity that goes up and down each three months. However, the
variation rates are different as shown in Figure 4.7a. For example, during Summer, the increase
remains negligible. Meanwhile, Autumn is a reverse example, where a significant increase in
porosity is noticed between the instants 1.5 and 3 months. This difference in rate variation
might be related to the duration of immersion periods. The latter are short in Summer and
long during Autumn as recalled in Table 4.3.

7 Conclusion
The aging of building materials due to heat and mass stresses is a phenomenon that has to

be investigated since its effect on bio-based materials is significant. Accordingly, the material
micro-structure evolves under heat and moisture stresses, leading to the variation of its pro-
perties. On the one hand, this work highlights a methodology to elaborate an accelerated and
realistic aging design. On the other hand, the effect of this design is evaluated on hemp concrete
by using 1-year climate data. In this paper, the methodology is based on the similarity laws.
These ensure an equivalence between a reference and a reduced configuration. By disposing
of a configuration and assuming a proportionality factor of 3, the duration decreases by 89 %
approximately. As a result, the effect of a one year aging design is similar to that during 40.43 d
by choosing samples three times smaller in the reduced configuration.
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Concerning the experimental part, the accelerated aging design is carried out on 36 samples
of hemp concrete. During this experiment, measurements of thermal conductivity, intrinsic
permeability, porosity and pH index are made at 9 different instants. Afterwards, time varia-
tion in those properties is assessed after a correction with respect to density differences between
samples. In terms of results, the pH index decreases slightly and remains around 12. This would
indicate the absence of mold growth risk in this material for one year. Furthermore, considerable
variations in porosity, thermal conductivity and intrinsic permeability are noticed. In particu-
lar, maximum and minimum values are reached during the sequences representing winter and
summer, respectively for porosity and intrinsic permeability. As for thermal conductivity, the
opposite is shown. These experimental findings yield the law of variation in thermal conduc-
tivity and intrinsic permeability depending on porosity. Subsequently, these are compared to
empirical models from the literature, one for thermal conductivity and three for intrinsic per-
meability. The comparison shows that thermal conductivity variation is consistent with the
mixing law, while intrinsic permeability more with the fissure and Kozeny-Carman models.

In order to extend the database on aging of bio-based materials, further investigations could
be carried out. In this paper, the developed methodology can be adopted further to study the
effect of aging on other materials using other climate types. This would improve the numerical
prediction of heat and mass transfer into bio-based materials. Besides that, porosity defines
one of the principal material properties that evolves under the exposure to thermal and water
stresses. However, its variation is determined only by means of experimental observations. In
this respect, the development of theoretical model based on climate loads might be useful to
predict the variation of porosity. Such behavior law can be integrated into the models of heat
and mass transfer through porous materials. This would constitute a wide step towards the
aging modeling.
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Chapitre 5

Critical assessment of an aging
phenomenological model for building
materials

Abstract
The description of aging of construction materials represents a significant issue. This phe-

nomenon arises due to the exposure of building walls to varying climate stresses. According to
previous studies, aging is addressed by using experimental approaches which consist in submit-
ting materials to accelerated aging designs in the laboratory. These are based, mostly, on series
of drying and liquid water imbibition cycles. The effect of the phenomenon is, then, highlighted
by performing measurements at different stages of material aging. These discrete configurations
are considered to evaluate the impact of aging at the building scale. Hence, aging is integrated
into building energy simulations only on the basis of a discrete approach. The latter lies on the
experimental data that define each discrete configuration. Within this context, this research
proposes a phenomenological model that describes the aging of a material in time. It assesses
the variation in porosity depending on drying and imbibition loads, each expressed by means of
an indicator. Also, a cumulative and a moving approach are used to express each load. After-
wards, the model unknown parameters are estimated by solving an inverse problem. The results
of the estimation are obtained based on experimental observations of an aging experimental
design on hemp concrete. For each load approach, it is shown that the model fits good most
of porosity measurements. In particular, the moving approach is better adapted to study the
aging of materials. Further, the model of porosity is integrated into equations of heat and mass
transfer within porous media. The objective consists in evaluating the impact of aging, with a
continuous approach, on the energy efficiency of the material at the wall scale. Based on a case
study, the impact is evaluated by assessing the energy efficiency for a first configuration without
aging and a second with it. Computations of sensible and latent heat fluxes reveal that thermal
losses through the wall are underestimated by about 30 % when aging effects are neglected.
This finding highlights the significance of this phenomenon and encourages its consideration of
in future building energy simulations.
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1 Introduction
In light of the current energy context, various standards encourage the design of new buil-

dings using materials with good energy performance and a low carbon footprint [216, 217].
They also recommend extending their use to the retrofitting of existing buildings. For this rea-
son, research has been increasingly targeting the development of an innovative generation of
materials [218]. In particular, different studies have highlighted the beneficial heat and mois-
ture properties of bio-sourced materials [219, 220]. However, these materials stand out from
conventional concretes through the high sensitivity to weather conditions. This phenomenon
drives the evolution of the material micro-structure throughout the building life cycle. In the
literature, studies name this phenomenon aging and evaluate its effects at various scales, by
proposing different weathering cycles [221, 222]. Typically, temperature, ultraviolet radiation,
water are the common parameters to represent climate stresses.

Based on previous findings, the impact of aging is modeled by measuring a set of properties
at different instants over aging experimental designs. A first study addresses an aging protocol
and its effect on hemp mortars [74]. It consists in heat, rain and cold cycles. Micro-structural
observations and heat and moisture transfer properties are evaluated. According the experi-
mental set-up, an evolution is noticed by performing an initial and a final stage measurement
to the aging protocol. The variation in properties is, thus, stated by referring only to two values,
before and after aging. This approach is fairly adopted in other investigations [72]. For example,
two plant-based concretes are submitted to two aging tests in order to examine their durability
[223]. Observations are obtained by means of two measurements per material and aging test.
Furthermore, durability properties of corn and stalk based concrete are studied according to
[179]. The materials are exposed to immersion and freeze-thaw cycles. A decay is noticed in
properties such as weight, area and compressive strength. This finding lies on measurements
before and after weathering. Unlike mentioned investigations, other research studies such as [71]
consider intermediate measurement instants other than the initial and the final instants. Accor-
ding to [224], authors investigate the durability of a high performance bio-composite through
an 8-week weathering test. The test induces a damage which is modeled on the basis of measu-
rements each two weeks. Moreover, another study reports an experimental investigation of the
durability of normal and reinforced hemp concrete samples [225]. The impact of the proposed
test is highlighted by testing properties initially and after 15, 25 and 50 cycles. The same me-
thodology is adopted in [226], which aims at quantifying the effect of humidification and drying
cycles on mechanical properties of flax-epoxy composite. Clear decrease in tensile modulus is
measured by fixing six instants going from the scale of weeks to months. At this level, the effect
of aging is evidenced only through experimental approaches. Performing few measurements on
properties is not sufficient to understand the material behavior under heat and moisture stresses.

According to some investigations in the last paragraph, performing aging experimental desi-
gns on materials drives variations in heat and moisture properties. Building energy simulations
can be impacted under the aging of materials. In this context, literature features some works
that take into account wall aging in the prediction of building heat and cooling demands. It is
the case in [227] where an insulation deterioration of roof and walls is assumed to predict its
effect on the energy efficiency of a building. For this, a high and a low degradation scenarios over
50 years are proposed. Aging is taken into account by setting in each scenario an increase rate
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per decade in thermal conductivity. Further, [228] aims at assessing the impact of the degrada-
tion of some components on heating energy consumption of two building categories. Focusing
on thermal insulation, the study defines an aging scenario which assumes a 12.5 % increase in
thermal conductivity over 25 years. In this case, results show that heating energy consumption
increases by 8.1 % and 13.48 % for detached houses and apartment buildings, respectively. Fur-
thermore, other studies are more interested in the effect of wall weathering at the building scale.
For instance, a novel aerogel-based render is developed and submitted to a large-scale weathe-
ring test [229]. Before and after the experiment, heat transmission coefficient is measured to
assess the weather impact on the render performance. It is found that this coefficient increases.
During heating periods, a building energy simulation highlights a 7 % demand increase due to
the negative impact of weathering. Finally, an experimental and numerical investigation [76]
are conducted to evaluate the aging effects on hemp concrete at the material and the building
scale, respectively. Observations before and after the experiment show an increase in porosity
and a decrease in thermal conductivity. At the building scale, the material behavior is marked
by less heat losses when considering the aged properties. This finding is related to the decrease
in thermal conductivity under the weathering test.

The review of the literature reveals the non-existence of continuous models that simulate
aging under heat and moisture loads. In particular, a physical model, that describes the intrinsic
behavior at the macroscopic scale under climate loads, is still not developed. Indeed, the effect
of this phenomenon is evidenced by experimental investigations. Except for instants where
measurements are performed, the evolution of material properties remains unknown. Further
on, the aging effect at the building scale is assessed mostly by comparing discrete configurations
corresponding to the stages before and after aging. Also, properties are assumed constant
throughout each configuration. Since aging reflects a continuous evolution, previous studies do
not investigate accurately the effect of this phenomenon. To address these issues, this paper
deals first with the development of a phenomenological aging model. It simulates the variation
in porosity with respect to drying and imbibition loads. Subsequently, this model is integrated in
heat and moisture transfer within porous media. This step helps assessing the material behavior
under the variation of porosity over time. The paper is divided into five parts. The first part
is devoted to the definition of a phenomenological aging model under two load approaches.
Thereafter, the model parameters are estimated through the resolution of an inverse problem.
The third part shows the results of the estimation for each load approach. Further on, a case
study is defined, investigating the effect of aging on the energy performance at the building
scale. At the end, paper results are addressed through a discussion part.

2 Porosity variation under climate loads
This part aims at developing a model to simulate the variation of porosity of a material.

For this purpose, drying and imbibition loads are considered as the driven potentials of this
variation. First, the physical model is introduced where two involved parameters are involved.
The model is designed on the basis of population growth theory. The expression of drying and
imbibition loads lies on temperature and rain flux data, respectively. Two approaches are used
to define these loads.
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2.1 Physical model
The size of the material is assumed larger than the representative elementary volume. The

material is regarded as an homogeneous medium. Under this assumption, porosity n [−] is
a quantity that varies over time and discounts the material space variability. The model of
porosity is defined according to :

∀t ∈ [ 0 , t f ] ,
∂n

∂t
= α q n

(
n ∞

q − n
)

+ α m n ( n ∞
m − n ) , (5.1)

where t f [s] represents the final instant. In addition, n ∞
q [−] and n ∞

m [−] are the limits that define
the bounds of porosity variation. These threshold values depend on the material. Moreover,
α q [s−1] and α m [s−1] are expressed as follows :

α q ( t ) = α q, 0 Q q ( t ) , (5.2)
α m ( t ) = α m, 0 Q m ( t ) . (5.3)

α q, 0 [s−2] and α m, 0 [s−2] are positive attracting coefficients. Drying and imbibition loads are
defined by Q q [s] and Q m [s], respectively. Temperature is used to express Q q. As for imbibi-
tion loads, they are assessed using water flux data during rainfall. At this level, we assume
that the model neglects the effect of water vapor on material porosity. Based on experimental
observations, porosity decreases when submitting a material to drying periods and increases
under imbibition exposures. Furthermore, the magnitude of α q, 0 and α m, 0 affects the variation
in porosity between the thresholds n ∞

q and n ∞
m . Porosity attains slowly n ∞

q for small values of
α q, 0. Similarly, porosity reaches rapidly n ∞

m for large values of α m, 0. The initial condition on
porosity is given in :

t = 0 , n = n 0 , (5.4)
where n 0 [−] is constant and refers to initial porosity. In the following, Q q and Q m are expressed
regarding two different approaches.

2.2 Heat and imbibition loads
2.2.1 Heat and imbibition indicators

The imbibition indicator is denoted Γ m [−]. It represents a Boolean function which takes
the value 1 during water imbibition and 0 during drying. The number of imbibition sequences
during the entire time horizon is referred to as N m [−]. To express drying loads, the following
indicator is adopted :

∀t ∈ [ 0 , t f ] , Γ q ( t ) = T eq ( t ) − T min

T max − T min

. (5.5)

It involves the three temperatures T eq [◦C], T min [◦C] and T max [◦C]. First one reflects the equi-
valent outdoor temperature which combines air convection and radiation effects :

T eq = T ext + b E

h c

. (5.6)
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Where T ext [◦C] is outdoor air temperature, b [−] the material surface absorptivity, E [W.m−2]
the incident short wave solar radiation and h c [W.m−2.K−1] the heat convection coefficient.
T min [◦C] and T max [◦C] are the minimal and maximal value of the equivalent temperature over
the time period, respectively. We consider that drying cycles are considered when imbibition is
not occurring, i.e. Γ m = 0.

2.2.2 Cumulative loads

In this approach, a climate load is defined according to a cumulative integral. Given stress
sequences over a period, loads at an instant are assessed by applying a stress integral which
considers the entire interval before this instant. Accordingly, moisture and heat loads are ex-
pressed as follows :

∀t ∈ [ 0 , t f ] , Q m ( t ) =
∫ t

0
Γ m ( τ ) dτ . (5.7)

∀t ∈ [ 0 , t f ] , Q q ( t ) =
∫ t

0
Γ q ( τ ) dτ . (5.8)

2.2.3 Moving loads

Unlike the first approach, a variation in porosity is only induced by current imbibition and
drying loads. In this case, the latter are expressed according to :

Q m ( t ) =


∫ t k+∆ t k

t k

Γ m ( τ ) dτ , τ ∈ [ t k , t k + ∆ t k ] , k ∈ { 1 , 2 , ... , N m } ,

0 , else .

(5.9)

Q q ( t ) =


∫ t l+∆ t l

t l

T ext ( τ ) − T min

T max − T min

dτ , τ ∈ [ t l , t l + ∆ t l ] , Γ m ( τ ) = 0 ,

0 , else .

(5.10)

t k [s] is the start instant of the k-imbibition sequence and k ∈ { 1 , 2 , ... , N m } defines the
index of imbibition sequences. The symbol l refers to the index of drying sequences. Drying
loads are considered when imbibition is not occurring, i.e. Γ m = 0 and thus Q m = 0. When
imbibition occurs, Q q equals zero. It is also noteworthy that a load is reset to zero at the
beginning of a corresponding sequence. After defining the climate loads, next part proposes a
numerical method to approximate the solution of the porosity model

2.3 Numerical method
The temporal grid is discretized using a constant time mesh ∆t. Thus, n ( t ) is approximated

by n ( t j ) ≈ n j where j is the time node index. For j ∈ { 1 , ... , N t }, with N t the number of
time nodes, the numerical model is written according to :
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n j+1 − n j

∆t
= α j+1

q n j+1
(

n ∞
q − n j+1

)
+ α j+1

m n j+1
(

n ∞
m − n j+1

)
. (5.11)

As a result, knowing porosity at t j, its value at t j+1 is computed by solving the Equation :

∆t
(

α j+1
q + α j+1

m

)
( n j+1 ) 2 +

[
1 − ∆t

(
α j+1

q n ∞
q + α j+1

m n ∞
m

) ]
n j+1 − n j = 0 . (5.12)

The discriminant is time-dependent and strictly positive. It is denoted δ and expressed with
respect to :

δ j =
[

1 − ∆t
(

α j+1
q n ∞

q + α j+1
m n ∞

m

) ] 2
+ 4 ∆t

(
α j+1

q + α j+1
m

)
n j . (5.13)

For j ∈ { 1 , ... , N t }, the solution is as follows :

n j+1 =
∆t

(
α j+1

q n ∞
q + α j+1

m n ∞
m

)
− 1 + ( δ j ) 0.5

2 ∆t
(

α j+1
q + α j+1

m

) . (5.14)

α q, 0 and α m, 0 represents the model input parameters. However, these are unknown and need
to be estimated. The next section defines the parameter estimation problem related to the
model of porosity.

3 Parameter estimation problem
This section aims at describing the procedure to estimate the unknown parameters of the

porosity model α q, 0 and α m, 0. The sensitivity of the model is investigated with respect to its
parameters α m, 0 and α q, 0. Through the sensitivity analysis, the effect of a parameter variation
on porosity is assessed. Sensitivity lies on the calculation of the following derivatives :

∀t ∈ [ 0 , t f ] , χ ( t ) = ∂n

∂α q, 0
, ξ ( t ) = ∂n

∂α m, 0
(5.15)

χ [s2] and ξ [s2] represent the sensitive coefficients with respect to α q, 0 and α m, 0, respectively.
In the appendix, Section 1 provides the equations of sensitivity and the assessment method. In
the case of small variations in χ, the sensitivity of porosity to α q, 0 could be neglected. Inversely,
large variations in ξ means that porosity is more sensitive to α m, 0. The analysis of sensitivity is
required to study the identifiability of model parameters before their estimation [230]. They are
identifiable if sensitive coefficients are linearly independent. For the estimation of the unknown
parameters αm, 0 and α q, 0, we define the least square estimator [231, 232] between experimental
data n̂ and the model prediction :

J ( p ) =
N∑

i=1

[
n ( p , t i ) − n̂ ( t i )

] 2
. (5.16)

p = ( α m, 0 , α q, 0 ) represents the unknown parameter vector. n̂ [−] refers to porosity measure-
ments and N [−] is the number of these measurements. The estimated parameters are defined
by :

p ⋆ = arg min [ J ( p ) ] . (5.17)
p ⋆ is assessed following a process of iterations and a convergence criterion. The Gauss − Newton
algorithm [233, 234] is adopted to solve this nonlinear least-square problem.
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4 Parameter estimation results
This part highlights the results of the parameter estimation problem. First, it exposes the

experimental observations that are related to a weathering experiment. Over this test, the
variation in porosity was obtained through some measurements. These data are adopted to
solve the estimation problem for each load approach.

4.1 Materials and experiments
The experiment was carried out to study the aging of hemp concrete. The effect of aging was

highlighted by measuring porosity throughout this design. According to this one, samples of
hemp concrete were subjected sequentially to four different scenarios including water imbibition
and drying. Each sequence lasts one week and was repeated 13 times to complete a year season
before proceeding to the next one. Figure 5.1 illustrates the four weathering test sequences.

0 24 48 72 96 120 144 168
t [h]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Γ m
[−

]

7
11
15
19
23
27
31
35

T
eq

[°
C]

(a)

0 24 48 72 96 120 144 168
t [h]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Γ m
[−

]

5

10

15

20

25

30

T
eq

[°
C]

(b)

0 24 48 72 96 120 144 168
t [h]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Γ m
[−

]

10

20

30

40

50

60

70

T
eq

[°
C]

(c)

0 24 48 72 96 120 144 168
t [h]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Γ m
[−

]

10

20

30

40

50

60

70

T
eq

[°
C]

(d)

Figure 5.1 – Variations in the imbibition indicator and equivalent temperature according to
each typical week for : Autumn (a), Winter (b), Spring (c) and Summer (d) [235].

It shows the instants when imbibition occurs using the defined indicator. Otherwise, variations
in temperature are presented. Notice that temperature reaches 60 ◦C during Spring and Summer
typical weeks. This magnitude exceeds the one of outdoor air temperature. Indeed, the aging
design is developed while considering also the radiation effects to define the drying cycles. These
data are then used to assess the variables Q m and Q q according to both climate load approaches.
For the sake of calculations, the values n ∞

m = 0.8 and n ∞
q = 0.73 are taken into account. Note
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that n ∞
m should be superior to n ∞

q because of the material behavior under heat and moisture
stresses. Also, these values are fixed with respect to the considered material. Indeed, porosity
measurements on hemp concrete are provided in Figure 5.2. Accordingly, obtained values range
between 0.74 and 0.785.
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Figure 5.2 – The experimental porosity observations over the aging design [235].

4.2 Results for the cumulative load approach
4.2.1 Identifiability

The sensitive coefficients are assessed considering the a priori parameters α m, 0 = 0.1 s−2

and α q, 0 = 0.05 s−2. According to Figure 5.3, the effect of α q, 0 on porosity is quite twice as
large as that of α m, 0.
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Figure 5.3 – Variation in the variable χ according to ξ under the cumulative load approach.

It shows also that the variation of χ according to ξ is not linearly dependent. Thus, the model
parameters are considered linearly independent. The choice of the a priori parameters p ◦ is
important in the minimization procedure since it can leads to local minimums of the least
square residual.
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4.2.2 Estimation results

The inverse problem is solved using the five porosity measurements as reported in Table
5.1. The cost function is evaluated for four initial parameter choices. Figure 5.4a shows the
variation in the cost function according to algorithm iterations. A progressive decrease is noticed
regardless of the prior candidate choice. The lower the cost function, the closer the parameters
converge to the optimal candidate. The magnitude of the cost function is initially around 10−3,
then decreases until reaching 10−4. Note also that the end values are almost identical regardless
of the a priori parameter choice. These are given in Table 5.2, in addition to the a priori and
end values of parameters. Accordingly, the optimal parameters are p ⋆ = ( 0.16 , 0.074 ).

Table 5.1 – Used porosity measurements in the estimation of parameters for the cumulative
load approach [235].

t [months] 0 3 6 9 12
n̂ 0.778 0.785 0.764 0.77 0.74

Further, the optimal values are used to compute the prediction of the porosity model. Figure
5.4b plots the variation of porosity considering p ⋆ = ( 0.16 , 0.074 ) and p ◦ = ( 1 , 10−2 ). It
reports also the measurements of porosity. By using the a priori parameters, the simulated
porosity deviates largely from the measurements and reaches promptly the upper bound. This
is due to the magnitude of α m, 0 which is 100 times that of α q, 0. Also, the large deviation is
driven by the imbibition loads which are dominant during Autumn and Winter. During Spring
and Summer, a slight decrease in porosity is observed. The cause is the imbibition periods that
become shorter during these seasons. The prediction fits good the experimental observations,
except for the porosity at t = 9 months. At this instant, the computed value of porosity lies
beyond the uncertainty range of the underestimated measurement. According to the prediction,
porosity increases up to 0.79 over Autumn, then follows a gradual decrease from 0.79 to 0.74.

Table 5.2 – The a priori parameters, their corresponding cost function end value and
optimal parameters, under the cumulative load approach.

A priori parameter Optimal parameter Cost function final value
p ◦ = ( α ◦

m, 0 , α ◦
q, 0 ) p ⋆ = ( α ⋆

m, 0 , α ⋆
q, 0 ) J ( p ⋆ )

( 10−2 , 1 ) ( 9.88 × 10−3 , 8.29 × 10−3 ) 2.71 × 10−4

( 1 , 10−2 ) ( 0.16 , 0.074 ) 2.54 × 10−4

( 1 , 10 ) ( 0.16 , 0.074 ) 2.54 × 10−4

( 10 , 1 ) ( 0.16 , 0.074 ) 2.54 × 10−4
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Figure 5.4 – The cost function variation under the cumulative load approach and using four
initial parameter (a). Variation in porosity according to time, under the cumulative load

approach while considering a priori parameter and the optimal one (b).

4.3 Results for moving load approach
4.3.1 Identifiability

For this approach, the resolution of this inverse problem is carried out per season. Sensitive
coefficients are assessed using the a priori parameters α m, 0 = 1 s−2 and α q, 0 = 1 s−2. Figure
5.5 highlights the variation of χ according to ξ per season. As noticed under the previous
load approach, χ is negative in contrary to ξ. The sign of each coefficient is related to the
effect of the corresponding climate load on porosity. It is consistent with the decrease and the
increase of porosity with regard to drying and imbibition loads, respectively. By Autumn, the
sensitive coefficients have relatively the same magnitude. It is the result of the existence of
many imbibition as drying sequences. From Winter onward, porosity becomes more sensitive
to drying loads. Based on plotted slope values, the ratio of χ to ξ increases significantly until
reaching 150 approximately. This is due to the large drying loads during Spring and Summer.
Moreover, the study reveals that α m, 0 and α q, 0 are linearly independent in the case of Autumn
and Winter. Meanwhile, the scatter plots are more in the vicinity of straight lines in the case
of Spring and Summer. The assessment of the correlation coefficient between χ and ξ gives the
value −0.94 for Spring and −0.97 for Summer.

Table 5.3 – Used porosity measurements per season in the estimation of parameters for the
moving load approach [235].

t [months] 0 1.5 3
Autumn 0.778 0.761 0.785
Winter 0.785 0.748 0.764
Spring 0.764 0.754 0.77

Summer 0.77 0.774 0.74
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Figure 5.5 – Variation of χ according to ξ while considering the moving load approach in :
Autumn (a), Winter (b), Spring (c) and Summer (d).

4.3.2 Estimation results

Per season, the resolution of the inverse problem is based on three measurements, as repor-
ted in Table 5.3. As previously, four a priori parameters are proposed. Figure 5.6 shows the
variation, per season, in the cost function according to iterations number. In Autumn, the ma-
gnitude decreases progressively from 10−4 to 10−17. The cost function lowest value is obtained
after 74 iterations by considering the initial parameters α m, 0 = 10 and α q, 0 = 3. The correspon-
ding optimal parameters are p ⋆ = ( 47.62 , 51.91 ). As for Winter, the minimization algorithm
required fewer iterations to reach the optimal solution. The magnitude of the cost function
decreases only by 10−2. By choosing p ◦ = ( 20 , 27 ), the estimation leads to the optimal values
p ⋆ = ( 73.66 , 11.74 ). In this case, the cost function reaches 5.15 × 10−5 after 23 iterations. Re-
garding Spring, the magnitude of the cost function decreases from 10−3 to 10−4. In particular,
the minimum 1.49 × 10−4 is reached after 30 iterations for the initial parameters α m, 0 = 5 and
α q, 0 = 3. This configuration provides p ⋆ = ( 8.95 , 0.41 ). Finally, the cost function convergence
is similar in Summer as in Spring. Indeed, it reaches The lowest value 3.42 × 10−4 considering
p ◦ = ( 1 , 1 ). In Summer, the optimal parameters are p ⋆ = ( 0.025 , 0.17 ). To sum up, Table
5.4 provides the estimation results considering the moving load approach.
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Table 5.4 – The a priori parameters, their corresponding cost function end value and
optimal parameters, per season and under the moving load approach.

Season A priori parameter Optimal parameter Cost function final value
p ◦ = ( α ◦

m, 0 , α ◦
q, 0 ) p ⋆ = ( α ⋆

m, 0 , α ⋆
q, 0 ) J ( p ⋆ )

Autumn

( 5 , 1 ) ( 47.62 , 51.91 ) 9.31 × 10−17

( 10 , 3 ) ( 47.62 , 51.91 ) 4.63 × 10−17

( 1 , 1 ) ( 47.62 , 51.91 ) 1.61 × 10−17

( 15 , 20 ) ( 47.62 , 51.91 ) 2.13 × 10−16

Winter

( 2 , 4 ) ( 83.34 , 10.9 ) 7.06 × 10−5

( 10 , 10 ) ( 81.7 , 11.69 ) 5.44 × 10−5

( 20 , 27 ) ( 73.66 , 11.74 ) 5.15 × 10−5

( 30 , 50 ) ( 70.88 , 11.63 ) 5.35 × 10−5

Spring

( 5 , 3 ) ( 8.95 , 0.41 ) 1.49 × 10−4

( 9 , 2 ) ( 6.04 , 0.17 ) 1.71 × 10−4

( 17 , 20 ) ( 4.81 , 0.18 ) 1.73 × 10−4

( 10 , 7 ) ( 1.18 , 4 × 10−3 ) 1.58 × 10−4

Summer

( 4 , 4 ) ( 2.71 , 0.18 ) 3.54 × 10−4

( 9 , 13 ) ( 0.46 , 0.19 ) 3.48 × 10−4

( 1 , 1 ) ( 0.025 , 0.17 ) 3.42 × 10−4

( 12 , 10 ) ( 3.94 , 0.23 ) 3.76 × 10−4

As for the cumulative load approach, the variation in porosity is assessed considering an
initial guess and the optimal parameters. That is shown for each season in Figure 5.7. In
Autumn, considering p ◦ = ( 10 , 3 ) leads to high values of porosity close to the upper bound.
Indeed, Autumn is marked by long imbibition sequences. Also, coefficients such as α m, 0 >
α q, 0 are responsible for the increase in porosity. The predicted porosity is in the vicinity of
measurements. During the estimation, the superiority order of α m, 0 and α q, 0 is reversed to
adjust the effect of imbibition. In Winter, temperatures are relatively lower than in Autumn.
However, drying loads predominate over imbibition. An initial choice such that α q, 0 > α m, 0
tends porosity sharply towards the lower bound value. After the optimization process, the
optimal parameters are such that α ⋆

q, 0 < α ⋆
m, 0.

140



1 11 21 31 41 51 61 71 81
N it [-]

10 17

10 15

10 13

10 11

10 9

10 7

10 5

10 3

J(
P

) [
-]

m, 0 = 5 , q, 0 = 1

m, 0 = 10 , q, 0 = 3

m, 0 = 1 , q, 0 = 1

m, 0 = 15 , q, 0 = 20

(a)

1 6 11 16 21 26 31 36 41
N it [-]

10 5

10 4

10 3

10 2

J(
P

) [
-]

m, 0 = 2 , q, 0 = 4

m, 0 = 10 , q, 0 = 10

m, 0 = 20 , q, 0 = 27

m, 0 = 30 , q, 0 = 50

(b)

1 6 11 16 21 26 31
N it [-]

10 4

10 3

10 2

J(
P

) [
-]

m, 0 = 5 , q, 0 = 3

m, 0 = 9 , q, 0 = 2

m, 0 = 17 , q, 0 = 20

m, 0 = 10 , q, 0 = 7

(c)

1 6 11 16 21 26 31
N it [-]

10 4

10 3

10 2

J(
P

) [
-]

m, 0 = 4 , q, 0 = 4

m, 0 = 9 , q, 0 = 13

m, 0 = 1 , q, 0 = 1

m, 0 = 12 , q, 0 = 10

(d)

Figure 5.6 – Variation in the cost function depending on the iterations number under the
moving load approach and considering the four a priori parameters. The results are given per

season : Autumn (a), Winter (b), Spring (c) and Summer (d).

Further on, Spring is similar to Winter in terms of imbibition sequences. Differences lie on
temperatures magnitude which is higher during Spring. This explains the prompt decrease in
porosity, even though α ◦

m, 0 > α ◦
q, 0. Considering the optimal parameters, porosity falls within

the confidence interval of 2 out of 3 measurements. It is also seen that it varies even less
than during Winter due to the small magnitude of the optimal parameters. Finally, imbibition
sequences are the least during Summer. With p ◦ = ( 1 , 1 ), the decrease in porosity is obvious
under intense drying loads. Still is the case when the optimal parameters are considered. In
contrast to previous seasons, less agreement is shown between the model prediction and the
experimental observations. The second measurement lies relatively off the assessed value. During
the exposure to climate loads, the consideration of porosity evolution over time could improve
the prediction of heat and moisture transfers at the material scale. In this regard, next section
defines a heat and moisture transfer model that takes into account the evolution of porosity.
Subsequently, the effect of porosity is highlighted through a case study at the building scale.
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Figure 5.7 – Variation in porosity per season, under the moving load approach, considering
an initial parameter guess and the corresponding optimal ones.

4.4 Result analysis
The model of porosity is addressed according to a cumulative and a moving load approaches.

When regarding the first one, the assessment of porosity takes into account previous imbibition
and drying stress sequences while considering the entire time period. In reality, the characteris-
tic times of swelling and shrinkage of materials are shorter than an entire aging design duration.
Thus, the moving load approach is more adapted to model the evolution of porosity. Note also
that the competition between heat and imbibition stress is well highlighted under this approach.
This is noticeable through the variation in porosity in Figure 5.7. For the next investigations in
this work, the moving load approach is chosen. The following parameter values ( 47.62 , 51.91 ),
( 73.66 , 11.74 ), ( 8.95 , 0.41 ) and ( 0.025 , 0.17 ) are used during Autumn, Winter, Spring and
Summer, respectively.

Moreover, the model of porosity is based on the mechanisms of swelling and shrinkage.
Imbibition loads are the driving potential of swelling, leading to an increase in porosity. Also,
the latter decreases under material shrinking. In the model, the decrease in porosity is driven
by drying loads. The parameter estimation reveals that the model do not reproduce all expe-
rimental observations. There are some which are not reached : one considering the cumulative
load approach and two in the other. As a common point, these measurements were performed
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during the periods of Spring and Summer. According to Figure 5.1, both season sequences
feature few imbibition cycles against many drying ones. Within drying periods, temperatures
exceed 60 ◦C. Hence, drying loads Q q dominates over imbibition loads Q m during the second
half of the experiment. It is then seen that predicted porosity drops in general. In contrast to
the prediction, a significant increase is necessary to reach all three experimental points. The
model of porosity could be improved through an additional term. This one should induce a po-
rosity increase under the effect of high temperatures, considering the magnitude of this climate
variable at the building scale. Experimentally, this microscopic behavior is fully justified by the
appearance of cracks during drying periods [236, 237]. The breakdown of bonds between the
plant matter and the cement matrix is the main reason. In most cases, cracks contribute to
additional microscopic voids. Finally, the involvement of an additional term in the model could
lead to extra parameters.

5 Heat and moisture transfer under the variation of po-
rosity

Note that the parameter of the phenomenological model have been determined, the latter is
included in heat and mass transfer equations to assess the influence on the thermal and hydric
behavior of porous materials.

5.1 Physical model
Heat and moisture transfer are based on the criteria of energy and mass conservation.

Since water imbibition is used to define moisture loads in Sections 2.2 and 2.2.3, water content
represents a suitable moisture driving potential to model the mass transfer. Based on the
Philipp and De Vries model [238, 239], heat and moisture transfer equations are given as :

∂θ

∂t
= ∂

∂x

(
D θ

∂θ

∂x
+ D T

ρ w

ρ

∂T

∂x

)
, (5.18)

ρ C p
∂T

∂t
= ∂

∂x

(
λ

∂T

∂x

)
+ L v ρ w

∂

∂x

(
D T V

∂T

∂x
+ D θV

ρ

ρ w

∂θ

∂x

)
. (5.19)

A first assumption states that the transfer is one-dimensional along the x-axis. x [m] defines
the space coordinate and varies within [ 0 , L ]. Here, L [m] is the dimension along which the
transfer occurs. The simulation interval is [ 0 , t f ] where t f [s] is the final time. Water content
is denoted θ [−] and refers to a mass ratio. Moreover, D θ [m2.s−1] and D T [m2.s−1.K−1] are the
moisture transport coefficients due to moisture content and temperature gradients, respectively.
L v [J.kg−1], ρ w [kg.m−3] and ρ [kg.m−3] are the heat of vaporization, water density and material
density, respectively. As for heat transfer properties, λ [W.m−1.K−1] represents thermal conduc-
tivity. Also, D T V [m2.s−1.K−1] and D θV [m2.s−1] are the vapor phase transport coefficient due to
a temperature and water content gradient, respectively. Heat and moisture transfer properties
are expressed as :

D θ = k m

ρ C m

, D T = k T

ρ w

, D T V = h l k T

L v ρ w

, DθV = β

L v ρ C m

. (5.20)
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k m [s] is the moisture permeability. It combines both water liquid conductivity and water
vapor permeability. C m [Pa−1] represents the moisture storage capacity. k T [kg.m−1.s−1.K−1] and
β [W.kg−1.s2] are also introduced, these are expressed according to [204]. Additionally, h l [J.kg−1]
designates the water enthalpy. The initial condition on temperature and water content is given :

x ∈ [ 0 , L ] , t = 0 T = T 0 ( x ) , θ = θ 0 ( x ) , (5.21)
where T 0 [◦C] and θ 0 [−] are space-dependent functions that describe its initial state. θ 0 [−] can
be assessed using relative humidity and the material adsorption curve. A second assumption
consists in considering the type of Dirichlet. Hence, temperature and water content at the
outdoor material surface are given :

x = 0 , t ∈ [ 0 , t f ] T = T eq ( t ) , θ = θ ext ( t ) . (5.22)
Additionally to T eq which has been defined, θ ext [−] is the water content at the material external
surface. In this respect, a third assumption considers that the effect of rain on porosity is equal
to that of water imbibition. During rain periods, θ ext is assumed equal to the material water
content at the saturation state θ sat. During periods without rain, θ ext is assessed using outdoor
air relative humidity and the material adsorption isotherm. At the inner side, the boundary
condition is written as :

x = L , t ∈ [ 0 , t f ] T = T int ( t ) , θ = θ int ( t ) . (5.23)
T int [◦C] refers to the indoor air temperature. θ int [−] is indoor air water content and is assessed
lying on internal air relative humidity and the adsorption curve.

5.2 Effect of porosity on transfer properties
This part outlines the consideration of porosity through the transfer properties. Apart from

porosity, these properties depend also on temperature and water content. Firstly, Dθ is defined
as follows :

D θ ( θ , T , n ) = k m ( n )
ρ C m ( θ , T ) , (5.24)

where :

C m ( θ , T ) = 1
P sat ( T )

∂θ

∂ϕ
, k m ( n ) = ρ w

µ w

k s ( n ) , k s ( n ) = a2

12
n 3

( 1 − n ) 2 . (5.25)

P sat [Pa] is the saturation pressure. According to the law of Antoine [240], this pressure is given
as follows :

P sat ( T ) = P ◦
sat

(
T − T c

T d

) p

, T ≥ T c . (5.26)

P ◦
sat = 997.3 Pa, T c = 159.5 K, T d = 120.6 K and p = 8.275. C m involves the derivative

of water content according to relative humidity ϕ [−]. It can be assessed by means of the
isotherm of adsorption. Furthermore, the dynamic viscosity of water vapor µ w [kg.m−1.s−1] and
the intrinsic permeability k s [m2] are used to assess k m. In this respect, the coefficient k s is a

144



property that is specific to the material and depends only on the micro-structure. We express
intrinsic permeability on the basis of [18]. Additionally, a [−] is a correlation constant and equals
1.64 × 10−7 m for hemp concrete [235]. Moreover, D T is expressed as follows :

D T ( θ , T , n ) = k T ( θ , T , n )
ρ w

, (5.27)

where :

k T ( θ , T , n ) = k m ( n ) ϕ ( θ )
ρ

∂P sat

∂T
( T ) . (5.28)

Relative humidity is evaluated at a water content value θ thanks to the inverse of the adsorption
curve. According to [18], thermal conductivity is expressed in the following :

λ ( θ , n ) = θ
ρ

ρ w

( λ w − λ air ) + n λ air + ( 1 − n ) λ s , (5.29)

where λ air [W.m−1.K−1] and λ s [W.m−1.K−1] are the thermal conductivity of air and the ma-
terial solid matrix. Finally, D T V and D θ V are defined as :

D T V ( θ , T , n ) = h l

L v ρ w

k T ( θ , T , n ) . (5.30)

Dθ V ( θ , T , n ) = β ( n )
L v ρ C m ( θ , T ) , (5.31)

where :

β ( n ) = ( h l + L v ) k m ( n ) . (5.32)

5.3 Case study
The definition of this case study is inspired from a numerical investigation in [76]. A single-

layer building wall is subjected to indoor and outdoor conditions (Figure 5.8). The wall is made
from hemp concrete and is L = 10 cm thick. Initially, temperature and water content inside the
wall are assumed uniform and equal T 0 = 20 ◦C and θ 0 = 0.046, respectively.

Figure 5.8 – Illustration of the case study.
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This water content value is that corresponding to 50 % relative humidity. In this regard, adsorp-
tion curve data are provided from [72]. To assess vapor permeability and thermal conductivity,
we consider the following values : a = 1.64 × 10−7 m and λ s = 403.88 W.m−1.K−1. The latter
are given based on a previous study on hemp concrete [235]. Indoor and outdoor conditions
depend on time according to Figure 5.9. At the external side, air temperature and relative
humidity data originates from a meteorological station in the city of La Rochelle (France).
This choice is related to the aging investigation which was conducted using the climate data of
that city. outdoor air temperature can range from −5 ◦C and 32 ◦C. Whereas relative humidity
varies between 0.48 and 1. In addition, normal short wave solar radiation and rainfall data
from the same station are considered. To assess the equivalent temperature, it is assumed that
the wall is exposed to these normal radiations (see Figure 5.10), i.e. b = 1. Also, we consider
that h c = 17 W.m−2.K−1. Accordingly, the variation in climate loads is highlighted in Figure
5.11. As for indoor conditions, assume that temperature is maintained at 19 ◦C during heating
periods. Then, it increases until 25 ◦C over cooling ones. Also, indoor relative humidity varies
between 0.45 and 0.6 as seen in Figure 5.9b.
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Figure 5.9 – Variation in air temperature (a) and relative humidity (b) at the indoor and
outdoor environments.
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Figure 5.10 – Variation in short wave solar radiation.
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Figure 5.11 – Variation in imbibition (a) and drying (b) moving loads based on equivalent
air temperature and rainfall data of La Rochelle, respectively.

Furthermore, the heat and mass transfer model is computed according to two different confi-
gurations. First one considers a constant porosity n 0 = 0.778, which reflects the initial state
of the material. Note that this value represents the first porosity measurement in Figure 5.4b,
which corresponds to a new material that was not submitted to aging. As for the second confi-
guration, porosity varies due to outdoor stresses. At this level, the notations n 0 and n ( t ) are
used to distinguish the configurations with a constant porosity (without aging) and a variable
one. To model imbibition and drying loads, the moving integral approach is taken into account.
Remind that porosity is assessed using the parameters mentioned in Section 4.4. The purpose
consists in confronting the results of both configurations. In particular, moisture j m [kg.m−2.s−1]
and heat fluxes j q [W.m−2] at the inner wall surface are calculated. The discrepancies on both
quantities are assessed lying on the density of probability.

5.4 Results
Python is used to compute the numerical model of heat and mass transfer. 5000 space

nodes and a 1 hour time step were considered. Figure 5.12 illustrates the annual variation in
moisture at the wall indoor surface for both porosity configurations. Moisture flux is always
positive. It implies that the wall releases continuously vapor quantities which arises from the
studied configuration. Throughout a year, clear discrepancies in moisture flux are observed.
Higher fluxes are noticed for the constant porosity configuration. The maximum is around
11 g.m−2.h−1 and is reached near the end of the year. Moreover, heat flux varies sharply in both
configurations. This is due to the rapid kinetics of heat transfer in contrary to the moisture
diffusion/transport. Thermal fluxes are negative during heating periods and turn positive over
cooling period sequences. The lowest heat flux value is about −25 W.m−2 which is noticed
during the first month of Autumn (see Figure 5.13a). The highest is around 55 W.m−2 and is
obtained during the first month of Spring (see Figure 5.13b). High positive values are justified
with regard to the consideration of solar radiations. To ease the comparison, heat and moisture
flux discrepancies are highlighted using the Kernel density function.

147



0 60 120 180 240 300 360
t [d]

0

2

4

6

8

10

12

j m
[g

.m
2 .

h
1 ]

n0
n ( t )

Figure 5.12 – Yearly variation in moisture flux at the wall indoor surface for the
configurations : constant and variable porosity.
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Figure 5.13 – Variation in heat flux at the wall indoor surface, during a month sequence of
Autumn (a) and Spring (b), for the configurations : constant and variable porosity.

Figure 5.14a highlights the probability density related to the heat flux discrepancies. The
quantity | j q ( n 0 ) | − | j q ( n t ) | is generally negative and can reach −9 W.m−2. However, this
value is rarely reached. According to the density of probability, the mean discrepancy is around
−1 W.m−2. These results show that heat flux losses are higher when porosity is variable. Fur-
ther on, the distribution of moisture flux discrepancies is shown in Figure 5.14b. Notice that
| j m ( n 0 ) | − | j m ( n t ) | is mainly positive. This result is confirmed by Figure 5.12, where the
flux is greater in the constant porosity case. Discrepancies range from −0.5 to 4 g.m−2.h−1. The
most recorded values are located between 1 and 1.5 g.m−2.h−1.

In the discussion part, the results of the case study are analyzed with respect to the micro-
structure evolution. Indeed, porosity is the only regarded parameter that yields discrepancies
in the material behavior. Lastly, both configurations flux results are used to comment the wall
energy and moisture contributions. Through these elements, the effect of aging can be outlined
at the building scale.
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Figure 5.14 – Probability density function on the discrepancies in heat (a) and moisture (b)
flux between the configurations : a constant and a variable porosity.

5.5 Discussion and further remarks
5.5.1 Porosity and heat and moisture transfer

As highlighted in Section 5.4, hemp concrete behaves differently when porosity varies over
time. The material porosity remains close to the final value particularly during Spring and
Summer. This is confirmed by Figure 5.15. The porosity evolution is consistent with the presence
of long drying cycles. In Autumn and Winter, porosity exceeds the final value during with
the occurrence of imbibitions. Further on, discrepancies in moisture and heat fluxes can be
justified. Initial porosity is set large. This value is hardly reached again due to the effect of
frequent drying sequences. As a result, moisture flux is mainly larger in the constant porosity
configuration whereas the opposite is noticed for heat flux. Finally, the effect of porosity on
heat and moisture flux is similar to that on thermal conductivity and moisture permeability,
respectively. Indeed, thermal conductivity decreases with porosity unlike moisture permeability
according to Equations 5.29 and 5.25, respectively.
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Figure 5.15 – Variation in hemp concrete porosity due to outdoor air temperature and
rainfall fluxes.
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5.5.2 Energy efficiency under aging

Inside a building, several entities contribute to the energy efficiency. These include external
walls which are responsible for heating losses. They can affect moisture indoor moisture balance
as well. This section highlights the contribution of hemp concrete wall to the energy balance,
considering both porosity cases. For this, sensible and latent heat fluxes are assessed separately.
Table 5.5 reports the annual sensible flux E q, s [MJ.m−2], latent flux gains E q, l [MJ.m−2] and
the total loss in energy E q [MJ.m−2] in both cases. In this case, E q = E q, s + E q, l. The losses in
sensible heat are underestimated without taking the porosity variation into account, whereas
the opposite is noticed for latent heat gains. By combining the sensible and latent flux, the
assessment of total energy losses, considering a constant porosity, results in an underestimate
of −45.3 % with respect to the correct value. Indeed, they drop from 115.41 to 63.09 MJ.m−2.

Table 5.5 – Annual heat loss and moisture gain through a 1 m2 hemp concrete wall,
considering a constant and a variable porosity.

Constant porosity (no aging) Variable porosity
E q, s [MJ.m−2] −146.54 −170.48
E q, l [MJ.m−2] 83.45 55.07
E q [MJ.m−2] −63.09 −115.41

In order to situate these results with regard to the literature, a numerical investigation
[76], which is similar to the case study of this work, is reviewed. The difference lies in the
experimental approach adopted by this investigation. In particular, two discrete configurations
were considered to assess the impact of aging. The first represents the initial state of the
material and the other its state at the end of the considered aging design. Porosity increased by
measuring its value after aging, which induced a decrease in thermal conductivity. Results show
that aging improves the energy efficiency of the wall through a reduction in thermal losses. This
finding is completely opposite to the results of this work. This gap is due to a difference in the
approaches of integrating aging into building simulations. Previous studies lie on experimental
approaches to address aging while this one proposes a phenomenological model.

6 Conclusion
Throughout a building life time, the transfer properties of materials vary continuously. This

is the phenomenon of aging, it is caused by ongoing changes in external climate conditions.
Existing researches investigate the effects of this phenomenon using experimental approaches.
It consists in measuring material properties at different stages during accelerated aging desi-
gns. These are mostly defined by drying and imbibition cycles. According to this approach, the
effect of the studied phenomenon is described through discrete experimental observations. To
our best knowledge, no continuous models were proposed to represent the phenomenon of aging
at the macroscopic scale.

This work develops a methodology to address this issue. Within this framework, a pheno-
menological model of aging is developed. It assesses, at the macroscopic scale, the variation in
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porosity under the effect of drying and imbibition loads. The model expresses the climate loads
by means of drying and imbibition indicators. In addition, these loads are defined according to
a cumulative and a moving approach. Next, the model parameters are estimated using experi-
mental observations related to the aging of hemp concrete. The results show that the moving
load approach is better suited to modeling the phenomenon. Moreover, the model prediction,
under this approach, is satisfactory with regard to most of experimental observations. Further
on, aging is integrated into a model of heat and mass transfer within porous media. This step
aims at assessing the effect of aging on heat and moisture behavior of materials. Within a case
study, the contribution of a single-layer wall of hemp concrete to the indoor energy balance is
assessed. Two configurations, without and with aging, are considered. Heat and moisture fluxes
at the indoor surface are obtained in both configurations. When aging is taken into account,
sensible heat losses are larger whereas latent heat gains are smaller. According to the simula-
tions, neglecting this phenomenon results in an underestimate up to 30 % of heat loss through
the wall. This shows that building energy efficiency is sensitive to the aging of materials. Fi-
nally, the developed methodology can be extended to other materials to enrich current aging
data. Also, the development of new experimental aging designs could enhance the reliability of
the model of porosity.
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Conclusion générale

Dans le cadre de l’enjeu énergétique actuel, l’effet du vieillissement sur les matériaux de
construction est fréquemment étudié. Particulièrement, le comportement des matériaux bio-
sourcés a freiné leur application dans le secteur du bâtiment. En effet, le gonflement et le
rétrécissement de la matière végétale, dus aux conditions climatiques extérieures, favorise l’évo-
lution de la microstructure. Ces sollicitations se résument aux variations de température d’air,
des radiations solaires et des flux pluviaux. Au cours du temps, la succession de ces sollicita-
tions se traduit par des charges d’imbibition et de séchage. Ces dernières affectent les propriétés
intrinsèques d’un matériau biosourcé. La littérature fait état d’approches expérimentales pour
étudier ce phénomène. Il s’agit d’exposer des matériaux à des cycles thermiques et hydriques
accélérés. Ceux-ci reflètent des sollicitations extrêmes qui ne représentent que des configura-
tions climatiques défavorables. Le vieillissement est un processus lent contrairement à l’aspect
accéléré des essais proposés. A ce propos, les études existantes n’établissent aucun lien entre
les essais réalisés au laboratoire et un cas d’étude réel. Finalement, les mesures réalisées durant
ces essais ne sont pas exploitées pour la prédiction du comportement du matériau en fonction
du temps. Ce travail propose une méthodologie afin de mieux aborder, modéliser et évaluer les
effets du vieillissement thermique et hydrique. Pour répondre aux problématiques discutées, le
manuscrit de thèse est scindé en cinq chapitres complémentaires.

Le premier chapitre constitue un état bibliographique. Dans un premier temps, il aborde
des généralités concernant le milieu poreux. Avec la présence des réseaux poreux ouverts, les
phénomènes de transfert sont entraînés au sein de ces milieux. Ces phénomènes dépendent
de la microstructure. A ce propos, le chapitre liste et définit les propriétés intrinsèques d’un
milieu poreux à savoir la porosité, la surface spécifique, la connectivité, la tortuosité, la per-
méabilité intrinsèque. La connaissance de ces dernières aide à l’évaluation des caractéristiques
thermiques et hydriques du milieu. A cet effet, la conductivité thermique, la chaleur spécifique,
la perméabilité à la vapeur d’eau et les isothermes d’adsorption et de désorption sont présentés.
Cette partie cite également les méthodes de mesure de ces propriétés, les normes auxquelles ces
essais sont conformes, et les dispositifs courants de mesure. La troisième partie est consacrée
aux matériaux biosourcés de construction et leurs performances en cas d’applications dans le
bâtiment. En effet, le béton de chanvre est un milieu poreux et représente notre choix d’ap-
plication dans le cadre de cette thèse. Le comportement hygroscopique et les performances
énergétiques d’un matériau biosourcé sont investigués à travers des exemples d’études. Outre
ses avantages dans la construction, la microstructure d’un matériau biosourcé évolue sous l’ef-
fet des charges thermiques et hydriques extérieurs. Ce phénomène, dit vieillissement, engendre
la variation des propriétés de transfert du matériau. A ce propos, la quatrième partie définit
ce phénomène et distingue ses différents types. Afin d’évaluer ses effets, des études ont déve-
loppé des essais en laboratoire pour représenter chaque type. Les résultats sont présentés sur
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la base des vieillissements les plus investigués dans la littérature. En particulier, l’impact du
vieillissement thermique et hydrique sur les matériaux biosourcés est mis en évidence. Les résul-
tats montrent que le vieillissement modifie les propriétés thermiques, hydriques, mécaniques et
chimiques des matériaux biosourcés. Toutefois, la définition de tels essais repose sur la considé-
ration de configurations climatiques extrêmes. De plus, ces travaux sont marqués par l’absence
d’une méthodologie qui permet d’établir une équivalence entre l’essai réalisé et une configura-
tion réelle où le vieillissement est lent et naturel. Dans ce contexte, la dernière partie s’adresse
aux lois de similitude. Ces dernières représentent le moyen pour définir une équivalence entre
des configurations aux échelles caractéristiques différentes. Dans le cadre de la thèse, ils sont
appliqués pour générer un essai accéléré et représentatif d’une configuration réelle de vieillisse-
ment. Nous distinguons dans cette partie les types de similitudes ainsi que quelques domaines
d’application, notamment les transferts de chaleur et de masse. Pour quelques domaines, ces lois
sont utilisées pour parvenir à des modèles plus simples à étudier en regard d’une configuration
réelle. D’autres les emploient pour comparer des configurations équivalentes. Cependant, aucun
des deux ne vérifient la fiabilité de leur application expérimentale. Ceci consiste l’objectif du
deuxième et du troisième chapitre.

Le deuxième chapitre est dédié à vérifier la robustesse de l’application expérimentale des
lois de similitude sur le phénomène de transfert de chaleur au sein des matériaux poreux. Pour
la définition du modèle physique, quelques hypothèses sont considérées dont une conduction
thermique unidirectionnelle et des conditions aux limites du type Dirichlet. Ensuite, ce modèle
est formulé dans le domaine adimensionnel. Pour cela, chaque variable du problème est attribué
à une grandeur caractéristique, notamment les dimensions spatiales, le temps de l’expérience
et les propriétés du matériau. A l’issue de cette formulation, le nouveau modèle fait apparaître
le nombre sans dimension Fourier. Ce paramètre est adimensionnel et traduit l’invariant du
phénomène étudié. En s’appuyant sur ce nombre, deux configurations expérimentales, une dite
de référence et l’autre réduite, sont définies en considérant les mêmes conditions aux limites.
L’égalité des nombres de Fourier des deux configurations permet de relier leurs échelles spa-
tiales et temporelles. Pour cela, le même matériau est utilisé tout en supposant que les deux
échantillons représentent les mêmes propriétés. Pour la comparaison, deux positions de mesure
équivalentes sont définies. A l’issue des deux expériences, les écarts de température entre les
deux positions sont obtenues pour des instants temporels équivalents. Ensuite, la fiabilité de
l’application de ces lois est vérifiée au regard des incertitudes totales de mesures. Dans ce cadre,
l’approche déterministe est adoptée pour investiguer la propagation de huit incertitudes sur les
mesures de température. Certaines incertitudes sont dues aux défauts des capteurs alors que
d’autres sont liées aux hypothèses du modèle physique. En particulier, le transfert unidirection-
nel, les conditions aux limites considérées et la négligence des transferts de masse d’eau en font
partie. Les résultats montrent que l’incertitude globale liée aux deux expériences est supérieure
aux écarts mesurés. Ces constats concluent sur la validité de l’application expérimentale de ces
lois sur les transferts de chaleur.

Le troisième chapitre généralise les propos du précédent en s’intéressant aux transferts de
chaleur et de masse au sein des milieux poreux. En effet, la présence d’eau dans un maté-
riau biosourcé entraîne une modification importante de sa microstructure. Le modèle physique
étudié fait intervenir des équations fortement couplées aux dérivées partielles. La pression de
vapeur constitue le moteur des transferts de masse. Pour la modélisation des conditions aux
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limites en température et en pression de vapeur, les transferts sont supposés unidirectionnels
et le type Dirichlet est considéré. Similairement au chapitre précédent, nous définissons pour
chaque variable du modèle une grandeur caractéristique. S’ensuit la formulation adimension-
nelle des équations du modèle et l’obtention des invariants. Ces derniers incluent deux nombres
de Fourier, le premier lié au transfert de chaleur et le deuxième au transfert de masse. Plus
loin, nous définissons deux maquettes expérimentales équivalentes en s’inspirant de la même
démarche utilisée dans le chapitre précédent. Les champs de température et d’humidité relative
sont comparés en définissant deux couples de positions équivalentes. Cette fois-ci, le calcul des
incertitudes considère cinq sources d’erreur. Celles-ci sont liées à la calibration du capteur, sa
position, son temps de réponse, l’aspect aléatoire de l’expérience ainsi que l’hypothèse sur les
conditions aux limites. Moyennant cette investigation, les intervalles de confiance associés aux
mesures de température et d’humidité relative sont obtenus. Ainsi, nous montrons que les écarts
observés restent inférieurs aux incertitudes combinées des deux expériences. Ce résultat permet
de généraliser l’utilisation des lois de similitudes dans les problèmes de transfert de chaleur
et de masse. En l’occurrence, ces lois sont appliquées pour proposer un essai de vieillissement
naturel accéléré.

L’effet du vieillissement sur les propriétés des matériaux biosourcés constitue l’objectif du
quatrième chapitre. Dans un premier lieu, nous proposons une méthodologie pour le développe-
ment d’un protocole expérimental annuel. Ce protocole permet de représenter la configuration
d’un vieillissement naturel. Son élaboration nécessite des données météorologiques de tempéra-
ture, de précipitations et de radiations solaires incidentes normales. A l’issue de la démarche,
un indicateur d’imbibition et une température équivalente sont obtenues. Le premier paramètre
indique la présence ou l’absence de pluie. Quant à la température équivalente, elle tient compte
de l’effet combiné de la température d’air et des radiations solaires. Ainsi, les deux grandeurs
représentent les variables du protocole du vieillissement et varient suivant quatre semaines type
pour chaque saison. Ainsi, le protocole est achevé en itérant treize fois chaque semaine type,
tout en respectant l’ordre des saisons. La réalisation de ce protocole nécessite un an. Cette
durée représente un vrai obstacle expérimental. A cette occasion, les lois de similitude aident
à lever ce verrous en générant une maquette expérimentale réduite. Ainsi, le protocole expéri-
mental annuel est équivalent à une maquette réduite réalisable sur quelques dizaines de jours. A
différents moments de l’essai, l’effet du vieillissement est évalué en mesurant des propriétés du
béton de chanvre. La porosité, la conductivité thermique, la perméabilité à la vapeur et le pH
sont considérés. Les observations expérimentales montrent que la variation des trois premières
propriétés est notable. Quant au degré pH, il diminue légèrement tout en restant supérieur à la
limite du risque de développement de moisissures. Ces résultats montrent que le vieillissement
entraîne la modification du caractère intrinsèque du matériau étudié. En parallèle, les propriétés
de transfert subissent des variations notables. De plus, il est conclu sur l’absence du risque de
croissance fongique sous un vieillissement d’une année. Par ailleurs, les données expérimentales
ont contribué à l’obtention des lois de variation de la conductivité thermique et de la perméabi-
lité à la vapeur en fonction de la porosité. Ces lois sont comparés à des corrélations empiriques
issues de la littérature. Finalement, les mesures de porosité, étant une propriété intrinsèque,
sont exploitées dans le dernier chapitre.

Ce dernier chapitre porte sur le développement d’un modèle phénoménologique du vieillis-
sement des matériaux. Le modèle est défini en s’inspirant de la dynamique de croissance des
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populations. Cette modélisation consiste à calculer la variation de la porosité en fonction des
charges de séchage et d’imbibition. Ces dernières sont définies respectivement à partir de la tem-
pérature équivalente et l’indicateur d’imbibition. Ces deux grandeurs représentent les variables
du protocole de vieillissement obtenu dans le chapitre précédent. D’après le modèle, l’évolution
de la porosité vis-à-vis des charges est consistante avec des observations expérimentales dans
la littérature. En effet, le gonflement du matériau pendant l’imbibition se traduit par une aug-
mentation de porosité. L’inverse est observé pendant le rétrécissement dû au séchage. Plus loin,
deux approches différentes sont adoptés pour le calcul des charges climatiques. D’après l’ap-
proche glissante, une variation de porosité est due aux sollicitations de séchage et d’imbibition
actuelles. Pour l’approche des charges cumulées, les sollicitations précédentes sont également
considérés pour le calcul de porosité. Ensuite, les paramètres inconnus du modèle sont estimés
en s’appuyant sur les mesures de porosité obtenues durant la réalisation de la maquette réduite
du vieillissement. La prédiction du modèle montre que l’approche glissante est mieux adaptée
pour définir les charges climatiques. Sous cette approche, la compétitivité des charges clima-
tiques est mise mieux en évidence. Subséquemment, le modèle de porosité est intégré dans les
transferts de chaleur et de masse au sein des milieux poreux. Cette démarche permet de tenir
compte de l’impact du vieillissement sur le comportement thermique et hydrique des parois du
bâtiment. En guise d’application, un cas d’étude d’une paroi de béton de chanvre est défini
sur une année. Deux configurations sont comparées où la première suppose que la porosité est
constante (pas de vieillissement) alors que la deuxième tient compte de la variation de poro-
sité. Les flux de vapeur d’eau ainsi que ceux thermiques sensibles et latents sont calculés pour
chaque configuration. Des écarts notables sont obtenus entre les deux configurations. D’après
ces résultats, la non prise en compte du vieillissement induit une sous-estimation significative
des déperditions thermiques à travers la paroi.
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Perspectives

Cette thèse répond à la problématique liée à l’étude du vieillissement naturel des matériaux
de construction. Elle propose une méthodologie pour le développement d’un essai de vieillisse-
ment naturel accéléré. Ce dernier est obtenu en utilisant des données climatiques réalistes et
les lois de similitude. En considérant les résultats obtenus au cours de cette thèse, quelques
perspectives de recherche émergent pour des travaux futurs.

Hypothèses pour l’application des lois de similitudes
Le deuxième et le troisième chapitre proposent d’investiguer la fiabilité de l’application ex-

périmentale des lois de similitude pour les phénomènes de transfert. L’étude de ces modèles
physiques est basée sur un certain nombre d’hypothèses. Ces dernières visent à simplifier les
configurations expérimentales. Par exemple, le transfert unidirectionnel est considéré afin de
mener la comparaison des configurations équivalentes suivant une seule direction. Sur le plan
expérimental, cette hypothèse est approximée en utilisant des couches d’isolants afin de limi-
ter les flux dans les autres directions. D’après l’estimation de ces flux, le transfert n’est pas
entièrement unidirectionnel. Pour cela, Le flux suivant la direction privilégiée et ceux suivant
les directions isolées sont comparés. Les écarts mesurés, lors de la vérification expérimentale
des similitudes, sont dû en partie au manque de robustesse de cette hypothèse. Cette source
d’incertitudes peut être minimisée en optimisant les configurations étudiées. L’hypothèse du
transfert unidirectionnel serait mieux vérifiée en renforçant l’isolation extérieure. Une autre dé-
marche serait de définir la taille du matériau tel que la dimension du transfert soit plus petite
par rapport aux autres. Ces deux alternatives peuvent contribuer à la réduction de cette source
d’incertitudes.

Par ailleurs, les conditions aux limites associées aux modèles physiques sont supposées de
type Dirichlet. D’après cette hypothèse, l’air ambiant et la surface du matériau sont supposés
avoir instantanément la même température et humidité relative. En réalité, il existe des écarts
qui sont dus au phénomène de convection d’air. Il se traduit par une résistance thermique et
hydrique entre l’air et la surface du matériau. Ces écarts sont mesurés en développant un banc
expérimental dédié à la vérification de cette hypothèse. Ces résultats montrent que les condi-
tions aux limites liées aux deux configurations comparées ne sont pas parfaitement identiques.
Ainsi, ces différences génèrent une source d’incertitude supplémentaire. Ce genre d’incertitudes
peut être négligé en optant pour les conditions aux limites de type Robin. Les échanges ther-
miques et hydriques à l’interface air-matériau sont mieux représentées à travers ce type de
conditions. Dans ce cas, la formulation adimensionnelle aurait donné le nombre sans dimen-
sion Biot. A travers ce dernier, une condition supplémentaire est obtenue en définissant les lois
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de similitude. Il s’agit d’une équivalence liant les longueurs caractéristiques et les coefficients
d’échange convectif des deux configurations. Ainsi, une similitude est assurée en définissant ces
coefficients via le contrôle des conditions d’écoulement d’air, notamment sa vitesse. Dans ce
contexte, un banc expérimental permettant de contrôler cette grandeur pourrait contribuer à
mieux vérifier l’application expérimentale des lois de similitude.

Plus loin, une autre source d’incertitudes est liée à la nature du matériau utilisé. Le béton
de chanvre est un matériau composite à forte hétérogénéité. Il en résulte une variabilité spatiale
importante de ses propriétés. Ainsi, les échantillons sélectionnés pour l’investigation expérimen-
tale des similitudes traduisent des incertitudes sur les propriétés du matériau utilisé. Il s’ensuit
que les lois de variation des propriétés du transfert ne sont pas parfaitement identique malgré
le choix du même matériau. Dans le deuxième et le troisième chapitre, le non respect de cette
hypothèse se traduit par l’intégration de l’incertitude aléatoire dans le calcul des intervalles de
confiance. L’incertitude aléatoire pourrait être minimisée en faisant recours à des matériaux
homogènes. En effet, la variabilité spatiale des propriétés de ces matériaux est négligeable pour
des volumes supérieurs au VER. Également, les imprimantes 3D peuvent être utilisées pour
contrôler les microstructures des échantillons. Grâce à cette démarche, la vérification de l’appli-
cation des similitudes est menée sur la base d’échantillons avec des microstructures identiques.
C’est une contribution qui pourrait renforcer le propos de ces lois.

Protocole expérimental du vieillissement
D’après le quatrième chapitre, une méthodologie est développée pour la proposition d’un

protocole expérimental de vieillissement. Dans un premier temps, des données de flux pluviaux
sont utilisés pour définir l’indicateur d’imbibition. Ce dernier indique les séquences d’imbibi-
tion totale du matériau. En réalité, les parois d’un bâtiment sont exposées du côté extérieur à
des débits d’eau liquide plus ou moins uniformes. Ces débits varient en fonction de plusieurs
paramètres, dont la vitesse du vent, son orientation ainsi que celle de la paroi. Ainsi, la métho-
dologie développée pourrait être améliorée en considérant les débits d’eau pluviaux au lieu des
imbibitions. Il serait intéressant de tenir compte des paramètres introduits pour calculer ces
débits.

Dans un deuxième temps, la température d’air et les radiations solaires sont considérés pour
calculer la température équivalente. Cependant, les données de radiations sont issues d’une sta-
tion météo en se basant sur une surface d’incidence horizontale. En réalité, des paramètres
peuvent influencer l’intensité des radiations, notamment la situation géographique du bâti-
ment, la position verticale des parois et leurs orientations. Idéalement, il serait préférable de
monter des capteurs de mesure d’ensoleillements sur la surface de la paroi.

Plus loin, le protocole expérimental est donné suivant quatre semaines types. Chacune est
obtenue en moyennant les mesures sur les treize semaines de la saison correspondante. Cette
procédure ne tient pas compte de la distribution des mesures au cours de la saison. Dans
ce cadre, des méthodes autres que la moyenne arithmétique pourraient être développées afin
d’améliorer la méthodologie. Pour résumer, l’utilisation d’un dispositif expérimental qui génère
des variations de température, et surtout des jets d’eau à débit contrôlé, aiderait à automatiser
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l’essai du vieillissement.

Modélisation phénoménologique du vieillissement
Au final, cette thèse est achevée par la proposition d’un modèle phénoménologique qui décrit

le vieillissement des matériaux. Selon le modèle, le vieillissement est représenté par la variation
de la porosité en fonction du temps. Le développement de ce modèle s’inspire de la dynamique
de croissance des populations. Il est important de souligner que les deux paramètres du modèle
dépendent du matériau et de la formulation considérés. Dans cette perspective, la base des don-
nées du vieillissement pourrait s’enrichir en estimant ces paramètres pour d’autres matériaux.
Ceci requiert le recours à des essais accélérés avec des cycles de séchage et d’imbibition afin
d’obtenir des mesures de porosité. Cette démarche contribuerait, de plus, à fiabiliser le modèle
développé. En effet, ce dernier peut être confronté à l’expérience en développant d’autres bancs
expérimentaux. En outre, la considération du phénomène de fissuration sous hautes tempéra-
tures peut améliorer la prédiction. Ceci est justifié vis-à-vis de la sous-estimation de porosité
par le modèle durant les saisons de printemps et d’été (voir Chapitre 5). Plus loin, l’effet du
vieillissement des matériaux sur l’efficacité énergétique des enveloppes peut être calculé. Ceci
est possible via l’intégration du modèle de porosité dans les codes de calcul thermique dy-
namique. Le modèle phénoménologique développé décrit le vieillissement d’un point de vue
macroscopique. Il considère que la porosité est indépendante de l’espace. En réalité, la plupart
des matériaux de construction sont hétérogènes, induisant une variabilité spatiale des proprié-
tés intrinsèques. Pour cette raison, la considération des effets microscopiques aiderait à mieux
prédire l’effet du vieillissement sur le comportement hygrothermique de ces matériaux.
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Appendix A

(Chapitre 3)

1 Sensitivity study in regard to surface temperature and
relative humidity

This section focuses on the sensitivity study [241, 242, 243] of heat and mass transfer
model to both surface temperature and relative humidity. This is necessary in order to evaluate
the partial derivatives defined in Eqs. (3.41). Following this, we perform a derivation of Eqs.
(3.1), (3.2) (3.13), (3.14) and (3.15) according to surface temperature and vapor pressure. The
derivation of Eq. (3.2) induces the following :

C p ρ s
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∂x

(
λ ef
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Where θ 1, θ 2, Ψ 1 and Ψ 2 are variables depending on space and time. Ψ 1 is defined as
follows :

Ψ 1 ( x , t ) = ∂T

∂P vs

. (A.3)

They define the temperature sensitivity variables within the material regarding surface tem-
perature and vapor pressure respectively. Additionally, θ 2 and Ψ 2 are also sensitivity variables
in this case. They represent the derivatives of the vapour pressure regarding the surface vapor
pressure and temperature respectively. The are given by Eq. (A.4) :

θ 2 ( x , t ) = ∂P v

∂P vs

, Ψ 2 ( x , t ) = ∂P v

∂T s

. (A.4)

This time, we derive the second equation of the physical model according to the vapor
pressure and surface temperature respectively. This operation allows us to obtain the Equations
(A.5) and (A.6) :
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(A.6)

Equations (A.1), (A.2), (A.5) and (A.6) include terms related to the influence of a surface
temperature or vapor pressure variation on material thermal and moisture properties. These
terms are non-zero because model parameters depend on both material thermal and hydric
states. Starting with moisture storage capacity C m , its derivatives according to surface tem-
perature and vapor pressure are given by Eqs. (A.7) and (A.8) :
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Secondly, the derivative of the total mass permeability k m according to T s and P vs are given
as follows :
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The derivative of the total mass permeability according to relative humidity in Eq. (A.9)
is estimated based on experimental data. Precisely, this data describe the evolution of k m

according to ϕ inside the material. Subsequently, the coefficient k T depend also on temperature
and vapor pressure as demonstrated in Eq. (3.8). Thus, its derivatives are obtained according
to Eqs. (A.10) and (A.11) :
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Moreover, the coefficient β is the last one in mass conservation Eq. (3.1) that varies according

to temperature and vapor pressure. Its derivatives regarding these two variables are expressed
following Eqs. (A.12) and (A.13) :
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Finally, effective thermal conductivity and the coefficient α are the two varying properties
considered in Eq. (3.2). Thus, their derivatives are obtained as follows :

∂λ ef
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∂T s

= λ ef C m ρ l ρ s ln( λ l ) θ 2 . (A.14)

∂α

∂T s

= ( h l + L v ) ∂k m

∂ϕ

∂ϕ

∂T
θ 1 ,

∂α

∂P vs

= 1
P sat

( h l + L v ) ∂k m

∂ϕ
θ 2 . (A.15)

Regarding the boundary conditions, Equations expressing them given in Section 2.2 are
derived according to P vs and T s. First, we begin with Dirichlet condition given in Eq. (3.14).
We obtain therefore ∀ t ∈ [ 0 , t f ] , x = 0 :

θ 1 = 1 , Ψ 2 = 0 . (A.16)

θ 2 = 1 , Ψ 1 = 0 . (A.17)
On the other hand, the boundary conditions in the Eq. (3.15) regarding thermal and mass

flux undergo the same derivation resulting in the following where t ∈ [ 0 , t f ] and x = L :

∂θ 1

∂x
= 0 ,

∂Ψ 2

∂x
= 0 . (A.18)

∂θ 2

∂x
= 0 ,

∂Ψ 1

∂x
= 0 . (A.19)

Finally, we derive Eq. (3.13) in order to express initial conditions regarding the variables
θ 1, θ 2, ϕ 1 and ϕ 2. Therefore, we obtain :

∀ x ∈ [ 0 , L ] , t = 0 θ 1 = 0 , θ 2 = 0 , Ψ 1 = 0 , Ψ 2 = 0 . (A.20)

To conclude, the study of the temperature and relative humidity sensitivity with regard to
that at the material surface x = 0, allows us to evaluate the coefficients θ 1, θ 2, Ψ 1 and Ψ 3
by solving Eqs. (A.1), (A.2), (A.5) and (A.6). The boundary conditions corresponding to the
study of sensitivity are given by Eq. (A.16), (A.17), (A.18) and (A.19). At the end, the initial
conditions are represented in Eq. (A.20). Once the results are obtained, we deduce σ T, H2 and
σ ϕ, H2 considering that :

θ 3 =
(

θ 2

P sat

− P v

P 2
sat

∂P sat

∂T
Ψ 1

)
P sat ( T s )−( Ψ 2

P sat

− P v

P 2
sat

∂P sat

∂T
θ 1

)(
ϕ s

P sat ( T s )
∂P sat ( T s )

∂T s

)−1
.

(A.21)
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Appendix B

(Chapitre 4)

1 The Dimensionless formulation of a heat and mass
transfer model using a cylindrical coordinate system

Remind that coupled heat and mass transfer are based in this part on Equations (4.5a)
and (4.5b). Considering a cylindrical coordinate system, r defines the radial distance where
r ∈ Ω x = [ 0 , R ]. The azimuth is denoted φ where φ ∈ Ω φ = [ 0 , 2π ]. In addition, z represents
the axial coordinate and z ∈ Ω z = [ 0 , L ]. R [m] and L [m] are the radius and the height,
respectively. In the dimensionless domain, space coordinates and time are as follows :

r ⋆ = r

L 0
, φ ⋆ = φ , z ⋆ = z

L 0
, t ⋆ = t

t f

. (B.1)

L 0 [m] is a given length. Subsequently, dimensionless temperature and water content are
defined in Equation :

T ⋆ = T

T 0
, θ ⋆ = θ

θ 0
. (B.2)

Moreover, the dimensionless material properties are given as follows :

D ⋆
θ = D θ

D θ 0
, D ⋆

T = D T

D T 0
, ρ ⋆ = ρ

ρ 0
, C ⋆

p = C p

C p 0
, (B.3a)

λ ⋆ = λ

λ 0
, L ⋆

v = L v

L v 0
, D ⋆

T V = D T V

D T V 0
, D ⋆

θ V = D θ V

D θV 0
. (B.3b)

First, the temperature gradient operator is expressed in the dimensionless domain as follows :

∇ T =
(

∂T

∂r
u⃗ r + 1

r

∂T

∂φ
u⃗ φ + ∂T

∂z
u⃗ z

)

= 1
L 0

(
∂T

∂r ⋆
u⃗ r + 1

r ⋆

∂T

∂φ ⋆
u⃗ φ + ∂T

∂z ⋆
u⃗ z

)

= 1
L 0

∇ ⋆ T
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Similarly to temperature, water content gradient is given in the following :

∇ θ = θ 0

L 0
∇ ⋆ θ ⋆ .

Moreover, by adopting the same approach for divergence, this operator is expressed for the
vector field ∇ θ as given :

∇ · ( ∇ θ ) = 1
r

∂

∂ r

(
r

∂θ

∂r

)
+ 1

r

∂

∂φ

(
1
r

∂θ

∂φ

)
+ ∂

∂z

(
∂θ

∂z

)

= 1
L 0

[
1
r ⋆

∂

∂ r ⋆

(
r ⋆ ∂θ

∂r

)
+ 1

r ⋆

∂

∂φ ⋆

(
1
r

∂θ

∂φ

)
+ ∂

∂z ⋆

(
∂θ

∂z

)]

= 1
L 0

∇ ⋆ · ( ∇ θ )

Similarly, the divergence of a temperature gradient is deduced in Equation (B.4).

∇ · ( ∇ T ) = 1
L 0

∇ ⋆ · ( ∇ T ) . (B.4)

Thus, the substitution of variables and dimensionless operators in the equations of the model
gives :

∂θ ⋆

∂t ⋆
= Fo m ∇ ⋆ ·

(
D ⋆

θ ∇ ⋆ θ ⋆ + D ⋆
T δ ∇ ⋆ T ⋆

)
, (B.5a)

ρ ⋆ C ⋆
p

∂T ⋆

∂t ⋆
= Fo q ∇ ⋆ ·

(
λ ⋆ ∇ ⋆ T ⋆

)
+ α Fo q L ⋆

v ∇ ⋆ ·
(

D ⋆
T V ∇ ⋆ T ⋆ + D ⋆

θV γ ∇ ⋆ θ ⋆
)

. (B.5b)

Where :

Fo m = D θ 0 t f

L 2
0

, Fo q = λ 0 t f

ρ 0 C p 0 L2
0

. (B.6)

δ = D T 0 T 0

Dθ 0 θ 0
, α = Lv 0 ρ l D T V 0

λ 0
, γ = θ 0 D θV 0

T 0 D T V 0
. (B.7)
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2 Behavior law of thermal conductivity, porosity and va-
por permeability according to density
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Figure B.1 – Variation in thermal conductivity (a) and porosity (b) depending on density
for hemp concrete.
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Figure B.2 – Variation in vapor permeability depending on density for hemp concrete.
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3 Time lag throughout the effective aging design

Table B.1 – Time lag delay and standard deviation in minutes in the reduced configuration
during the four season sequences

Autumn Winter Spring Summer
Duration Std Duration Std Duration Std Duration Std

12.65 2.69 8.61 2.04 4.43 3.74 1.58 1.10
16.14 2.76 11.06 2.99 6.56 1.47 2.51 1.57
13.37 1.99 8.83 3.45 4.51 3.70 1.98 1.06
15.37 3.04 10.80 3.24 5.13 2.77 1.07 0.41
12.55 2.91 − − − − 2.51 2.08
15.14 2.63 − − − − 4.66 3.45
11.38 3.38 − − − − 3.45 1.48
14.62 3.13 − − − − 2.67 1.8
12.88 2.59 − − − − 3.34 2.03
15.03 2.96 − − − − 2.58 2.15
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Appendix C

(Chapitre 5)

1 Sensitivity equations of the model of porosity
Porosity varies due to climate loads according to :

∂n

∂t
= α q,0 Q q n

(
n ∞

q − n
)

+ α m,0 Q m n ( n ∞
m − n ) . (C.1)

By deriving Equation (C.1) according to α q,0, we obtain the following :

∂χ

∂t
= Q q

[
n
(

n ∞
q − n

)
+α q,0 χ

(
n ∞

q − n
)

− α q,0 n χ
]
+

Q m α m,0

[
χ
(

n ∞
m − n

)
− χ n

]
,

(C.2)

where :

χ ( t ) = ∂n

∂α q,0
. (C.3)

χ defines the first sensitive coefficient which evaluates the variation of porosity according to
the parameter α q,0. The time variation in χ is provided by :

∂χ

∂t
= Q q

[
n
(

n ∞
q − n

)
+ α q,0 χ

(
n ∞

q − 2 n
) ]

+ Q m α m,0 χ ( n ∞
m − 2 n ) . (C.4)

Discretizing the last equation induces the following :

χ j+1 − χ j

∆t
= Q j+1

q

[
n j+1

(
n ∞

q − n j+1
)

+ α q,0 χ j+1
(

n ∞
q − 2 n j+1

) ]
+

Q j+1
m α m,0 χ j+1

(
n ∞

m − 2 n j+1
)

.
(C.5)

At the end, the coefficient χ is assessed numerically according to :
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χ j+1 =
[

χ j + ∆t n j+1 Q j+1
q

(
n ∞

q − n j+1
) ] [

1 − ∆t
(

n ∞
q − 2 n j+1

)
α q,0 Q j+1

q −

∆t
(

n ∞
m − 2 n j+1

)
α m,0 Q j+1

m

]−1
.

(C.6)

The second sensitive coefficient ξ is likewise addressed, it is defined as follows :

ξ ( t ) = ∂n

∂α m,0
. (C.7)

It reflects the variation of porosity with respect to α m,0. The variation in time of ξ is obtained
by deriving the equation (C.1) according to α m,0. This leads to :

∂ξ

∂t
= Q m

[
n
(

n ∞
m − n

)
+α m,0 ξ

(
n ∞

m − n
)

− α m,0 n ξ
]
+

Q q α q,0

[
ξ
(

n ∞
q − n

)
− ξ n

]
.

(C.8)

By considering the same methodology as for χ, computing ξ lies on the following expression :

ξ j+1 =
[

ξ j + ∆t n j+1 Q j+1
m

(
n ∞

m − n j+1
) ] [

1 − ∆t
(

n ∞
m − 2 n j+1

)
α m,0 Q j+1

m −

∆t
(

n ∞
q − 2 n j+1

)
α q,0 Q j+1

q

]−1
.

(C.9)

Moreover, initial porosity is assumed constant. Thus, the initial condition on χ and ξ is as
given :

t = 0 , χ = 0 , ξ = 0 . (C.10)

2 Numerical heat and moisture transfer model
The development of a numerical model lies on Equations (5.18) and (5.19). First, these

are expressed according to the dimensionless domain. Indeed, the numerical solution is more
efficient if computed variables have a small magnitude. L and t f are the characteristic quantities
for space and time coordinates, respectively. As for water content and temperature, we use θ 0
and T 0. Moreover, heat and moisture coefficients are scaled with regard to their values at the
initial state. In this case, their characteristic quantities are denoted according to the form X 0,
where X refers to a given coefficient. In the dimensionless domain, Equation (5.18) becomes :

∂θ ⋆

∂t ⋆
= Fo m

∂

∂x ⋆

(
D ⋆

θ

∂θ ⋆

∂x ⋆
+ δ D ⋆

T

∂T ⋆

∂x ⋆

)
. (C.11)

Fo m [−] and δ [−] are dimensionless numbers. Their expressions are :
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Fo m = D θ 0 t f

L 2 , δ = D T 0 T 0

Dθ 0 θ 0
. (C.12)

The initial conditions on temperature and water content are scaled :

∀x ⋆ ∈ [ 0 , 1 ] , t ⋆ = 0 θ ⋆ = 1 , T ⋆ = 1 , (C.13)

Boundary conditions are expressed in the dimensionless domain at x ⋆ = 0 and x ⋆ = 1 according
to Equations (C.14) and (C.15), respectively.

x ⋆ = 0 , ∀t ⋆ ∈ [ 0 , 1 ] T ⋆ = T ⋆
∞ ( t ) , θ ⋆ = θ ⋆

∞ ( t ) . (C.14)

x ⋆ = 1 , ∀t ⋆ ∈ [ 0 , 1 ] T ⋆ = T ⋆
int ( t ) , θ ⋆ = θ ⋆

int ( t ) . (C.15)

T ⋆
∞, T ⋆

int, θ ⋆
∞ and θ ⋆

int are time dependent functions. In order to alleviate the notations while
developing the numerical model, dimensionless quantities are expressed without the exponent
⋆. For the numerical discretization, space and time nodes are represented by x i and t j where
i ∈ { 1 , ... , N x } and j ∈ { 1 , ... , N t }. Based in the implicit scheme method, Equation (C.11)
becomes for i ∈ { 2 , ... , N x − 1 } :

θ j+1
i − θ j

i = Fo m ∆t

∆x2

[
D j+1

θ i+ 1
2

θ j+1
i+1 −

(
D j+1

θ i+ 1
2

+ D j+1
θ i− 1

2

)
θ j+1

i + D j+1
θ i− 1

2
θ j+1

i−1 +

δ D j+1
T i+ 1

2
T j+1

i+1 − δ
(

D j+1
T i+ 1

2
+ D j+1

T i− 1
2

)
T j+1

i + δ D j+1
T i− 1

2
T j+1

i−1

]
.

(C.16)

Where D θ is assessed at x = x i− 1
2

and x = x i+ 1
2

∀j ∈ { 1 , ... , N t − 1 } as given :

D j

θ i− 1
2

= D θ

(
θ j

i + θ j
i−1

2 ,
T j

i + T j
i−1

2 , n j

)
, (C.17)

D j

θ i+ 1
2

= D θ

(
θ j

i + θ j
i+1

2 ,
T j

i + T j
i+1

2 , n j

)
. (C.18)

As for the coefficient D T , it is discretized similarly as in Equations (C.17) and (C.18). ∆x [−]
and ∆t [−] are the space and time steps, respectively. Therefore, by moving the terms at the
instant t j+1 to one side and the one at t j to the other, the following equality is deduced :

a j+1
i+ 1

2
θ j+1

i+1 + b j+1
i θ j+1

i + a j+1
i− 1

2
θ j+1

i−1 + c j+1
i+ 1

2
T j+1

i+1 + d j+1
i T j+1

i + c j+1
i− 1

2
T j+1

i−1 = θ j
i , (C.19)

where the coefficients a, and c are expressed ∀i ∈ { 1 , ... , N x } and ∀j ∈ { 1 , ... , N t } as
follows :

a j
i = −D j

θ i

Fo m ∆t

∆x2 , c j
i = −D j

T i

Fo m δ ∆t

∆x2 . (C.20)
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As for b and d, they are given ∀i ∈ { 2 , ... , N x } and ∀j ∈ { 1 , ... , N t } in the following :

b j
i = 1 + a j

i+ 1
2

+ aj

i− 1
2

, d j
i = c j

i− 1
2

+ cj

i+ 1
2

. (C.21)

Writing the equation for i ∈ { 2 , ... , N x − 1 } leads to the following matrix system :

∀j ∈ { 1 , ... , N t − 1 } , M j+1 Θ j+1 + N j+1 T j+1 = Θ j + Q j+1 + R j+1 . (C.22)

M and N are ( N x − 2 )2 sized matrices. In addition, Θ and T are N x − 2 sized vectors which
represent the water content and temperature fields inside the material, respectively. Further-
more, Q and R are N x − 2 sized vectors. First one defines the boundary conditions in water
content and the second one in temperature. These matrices and vectors are time-dependent
and are expressed as follows :

∀j ∈ { 1 , ... , N t } , M j =



b j
2 a j

5
2

0 0 0 · · · 0
a j

5
2

b j
3 a j

7
2

0 0 · · · 0
0 a j

7
2

b j
4 a j

9
2

0 · · · 0
... ... . . . . . . . . . ... ...
0 0 · · · 0 a j

N x− 5
2

b j
N x−2 a j

N x− 3
2

0 0 · · · 0 0 a j

N x− 3
2

b j
N x−1


, Θ j =



θ j
2

θ j
3
...

θ j
N x−2

θ j
N x−1

 ,

N j =



d j
2 c j

5
2

0 0 0 · · · 0
c j

5
2

d j
3 c j

7
2

0 0 · · · 0
0 c j

7
2

d j
4 c j

9
2

0 · · · 0
... ... . . . . . . . . . ... ...
0 0 · · · 0 c j

N x− 5
2

d j
N x−2 c j

N x− 3
2

0 0 · · · 0 0 c j

N x− 3
2

d j
N x−1


, T j =



T j
2

T j
3
...

T j
N x−2

T j
N x−1

 ,

Q j =



−a j
3
2

θ j
1

0
...
0

−a j

N x− 1
2

θ j
N x


, R j =



−c j
3
2

T j
1

0
...
0

−c j

N x− 1
2

T j
N x


,

Furthermore, Equation (5.19) is written according to the dimensionless domain as :

∂T

∂t
= Fo q

∂

∂x

(
λ ⋆ ∂T

∂x

)
+ η Fo q

∂

∂x

(
D ⋆

T V

∂T

∂x
+ γ D ⋆

θV

∂θ

∂x

)
. (C.23)
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Fo q [−], η [−] and γ [−] are dimensionless numbers which are defined as :

Fo q = λ 0 t f

ρ C p 0 L2 , η = Lv 0 ρ w D T V 0

λ 0
, γ = θ 0 D θV 0

T 0 D T V 0
. (C.24)

By following the same discretization method, Equation (C.23) yields :

∀j ∈ { 1 , ... , N t − 1 } , S j+1 T j+1 + U j+1 Θ j+1 = T j + V j+1 + W j+1 . (C.25)

S and U are ( N x − 2 )2 sized matrices. In addition, V and W are N x − 2 sized vectors which
define the temperature and water content boundary conditions, respectively. These matrices
and vectors are time-dependent :

∀j ∈ { 1 , ... , N t } , S j =



f j
2 e j

5
2

0 0 0 · · · 0
e j

5
2

f j
3 e j

7
2

0 0 · · · 0
0 e j

7
2

f j
4 e j

9
2

0 · · · 0
... ... . . . . . . . . . ... ...
0 0 · · · 0 e j

N x− 5
2

f j
N x−2 e j

N x− 3
2

0 0 · · · 0 0 e j

N x− 3
2

f j
N x−1


, V j =



−e j
3
2

T j
1

0
...
0

−e j

N x− 1
2
T j

N x


,

U j =



h j
2 g j

5
2

0 0 0 · · · 0
g j

5
2

h j
3 g j

7
2

0 0 · · · 0
0 c j

7
2

d j
4 c j

9
2

0 · · · 0
... ... . . . . . . . . . ... ...
0 0 · · · 0 g j

N x− 5
2

h j
N x−2 g j

N x− 3
2

0 0 · · · 0 0 g j

N x− 3
2

h j
N x−1


, W j =



−g j
3
2

θ j
1

0
...
0

−g j

N x− 1
2

θ j
N x


.

e and g are time-variant coefficients. They are expressed ∀i ∈ { 1 , ... , N x } and ∀j ∈
{ 1 , ... , N t } with respect to :

e j
i = −Fo q ∆t

∆x2

(
λ j

i + η D j
T V i

)
, g j

i = −η γ Fo q ∆t

∆x2 D j
θV i . (C.26)

As for f and h, they are given ∀i ∈ { 2 , ... , N x } and ∀j ∈ { 1 , ... , N t } in the following :

f j
i = 1 + e j

i+ 1
2

+ ej

i− 1
2

, h j
i = g j

i− 1
2

+ gj

i+ 1
2

. (C.27)

Similarly to Equations (C.17) and (C.18), the coefficients Dθ V and DT V are estimated at
x = x i+ 1

2
and x = x i− 1

2
. Finally, the solution in temperature and water content is assessed

based on (C.22) and (C.25).
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