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Matériau naturel issu du sol ou du sous-sol, utilisé cru, et dont la

cohésion est assurée par la présence d’argiles.
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Batiments neufs

Exemples de constructions en terre crue dans la
région Auvergne Rhone-Alpes

Les ateliers de la danse, Lyon 8¢me L’Orangerie, Confluence, Lyon
Dominique Coulon & associés (architectes); Donato Construction Clément Vergely (architectes); Nicolas Meunier Le pisé (Magon-e-s)
(Magon-e-s), Batiserf (BET structure) © Batiserf (BET structure) ©
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Quels sont les enjeux ?

- Comportement au jeune a age (séchage, retrait, fluage...)_‘_gg,’ﬂi.f.‘-
- Problématique des reports de charges, des interfaces
- Comportement parasismique, paracyclonique

- Manque général de retours d’expériences

"NTERRE




Quels sont les enjeux ?

Matériau et méthodes de
fabrication non standardisés

Dont les propriétés/performances
varient au cours du temps (teneur
en eau)

Qui possede différents niveaux
d’hétérogénéité




Plan de la présentation

' 3 3 4 - o L
- Comportement au jeune a age (séchage, retrait, fluage...) ;

1/ Mesure du comportement mécanique du matériat;
a2

2/ Impact de I'eau sur le comportement mécanique |

3/ Modélisation du comportement

4/ Méthodes de controle in-situ
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Assessment of the
mechanical performances
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/1 Uniaxial compression test : Young’s modulus
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/1 Uniaxial compression test : Young’s modulus

=R
= N b O

Axial stress (MPa

© o oo
oN B O ™

0 0.002

Data from M.S. Force thesis, ENTPE

Axial strain (-)

0.004

0.006

0.008

Axial stress (MPa)

o
o

©
I

o
[N)

o

0

0.0005

0.001 0.0015
Axial strain (-)

0.002

. AH
Total strain = —
Hy

. AL
Local strain = —
Lo

E, = 0.30 GPa
Ecyeie = 0.57 GPa

E, = 0.50 GPa
Eeyele = 1.20 GPa

BT

ElR

70

Measurement
of A

/IENTPE



/11 Uniaxial compression test : Shape ratio

Main direction of thelmechanical solicitation



/11 Uniaxial compression test : Shape ratio
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/1 Uniaxial Compression test : Work in progress

Definition of protocol for uniaxial compression test for RE samples and masonry units. e
For rammed earth samples, it consists in : PNTERRE |'|| Em

* Manufacturing method based on Proctor compaction
* Surfacing protocols: either by trowelling or sanding and use of a novel anti-fretting device.
* Drying condition prior to testing: 60°C in an oven with <5% RH until constant mass

* Test control conditions : in displacement, at 1.2mm/min, test stopped after a 10% drop in measured force.

Teflon
Elastome
Polyethylene

QOil
Polyethylene
Sample

(Durhoéne et al., Rilem Tech. Letters, 2026)
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/1 Uniaxial Compression test : Work in progress
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*  This systems seems to provide quite simple and
reproductible laboratory sample manufacturing
and testing protocol for compressive strengh
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/Il Hydromechanical behavior

=
IS

1.2

Unconfined Compressive strength (MPa)

o

K
XP‘K
FaS Tests on
P rammed
S S=mas earth
samples
* K =
X
0% 2% 4% 6% 8% 10%
Water content (%)

Mass of water within on unit of material dry mass

RE
-
El

/IENTPE

ElR

(Peltier et al., Case Stud. Constr. Mater., 2022)
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/I Hydromechanical behavior

Non neglectable value of linear shrinkage
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/Il Hydromechanical behavior

1.4
=
a
212 L
s [ P
B,
o
(] H
5 0.8 "
g B Non acceptable §
2-0,6 \\\ X p
S N water content
g 0.4 \\ S
02  Wetting > it
g L .
s ] 0 %
0% 2% 4% 6% 8% 10%

Water content (%)




79
/Il Hydromechanical behavior

v’ Coupling bet water content and mechanical behavior
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/I Triaxial behavior at constant temperature and relative humidity

L ) )y ——— i |

(Champiré, PhD Thesis, ENTPE, 2017)
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/T Triaxial behavior at constant temperature and humidity
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/T Triaxial behavior at constant temperature and humidity

v

Volumerric strain &

(Xu et al., Soils and found., 2018)

Stress-strain and volumetric behavior (100 kPa confining pressure)
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A certain brittleness for Lim at low RH (high suction)



/T Triaxial behavior at constant temperature and humidity

Influence of stress level on loading-unloading shear behavior
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At constant relative humidity and confining pressure, a progressive degradation of Young’s modulus
E is observed with increasing applied stress. (providing us inspiration of taking into account damage
into modeling)

An obvious increase of residual strain is also observed from lower stress level to higher stress level

N
(Xu et al., Soils and found., 2018) &/



Image from : O. Coussy, Poromechanics, 2004, Wiley&sons
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Modeling the hydro-
mechanical behavior
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/1 Concept of suction

Origin of the
Hydromechanical coupling ?

IIIIIII

2 //lNTPE



Earth = clay + silt + sand + gravel = binder + aggregates

aggregates Clay particules
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/1 Concept of suction

Interface radius (um)

Solid particle
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:s (Mpa)

Suction

/11 Concept of suction
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Cations ui- echangeable
SUUYY ) ) “echangeable; + s Eau
= lnterfo||a|re

Chlorite +Smect|te

Kaollmte lllite
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Water content (%)
— Modeéle Van Genuchten e Papier Succion —0G~ Désorption

s = P; — P, > 0 : matric suction
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/11 Concept of suction
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/1 Example of effective stress definition

Notations : g,,, =
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working range

(Xu et al., Soils and found., 2018)
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/1 Example of elasto-plastic modelling with damage

Assumptions: Isotropic damage by a scalar D
Triaxial stress state (04,0, = 03)

Constant suction : ds = 0

Suction effect
Damage criterion:  fp(Yp,D,s) =Yp — r(@?(;

Bounding Surface Plasticity (BSP)
at e=¢g°+¢€P

0, (e%,5,0) = (1 — DY(1 + ky X 1(5)),(£7)

damage effect suction hardening plastic hardening

o, =1(a’+20’)=0' + xs Se\ %
m— 3 1 3 m y = () ifs > s,

- — 1 ifs<s
(Xu et al., Mat. & Struct., 2018) q =01 —03 e
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/1 Example gf elasto-plastic modelling with damage
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(Xu et al., Mat. & Struct., 2018)



/11 Summary of HM behavior and modelling
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/11 Non destructive assessment

Mise en ceuvre

Controle qualité |
Identification défaut de mise en ceuvre

Mise en service

Suivi du batiment |
Attestation des performances finales

Phase réhabilitation

Estimation des performances |
Identification de pathologie

30
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/1 Non destructive assessment

» Example of ultrasonic waves velocities

Méthode directe’ ﬁ‘r Estimation des propriétés élastiques d’un milieu a partir des mesures de vitesse de propagations
d’ondes ultrasoniques.

Onde de compression et de cisaillement

(@) P-wave s
I FTIII T I I I T i
7 o v w4
/ / / 0777/ S
/A 7/ 7 .;,4'/_/-/;/;:‘/’;// /‘{/‘_,/f/‘,{«
- . r ] - r‘ T
1 3t :
3 /
i + ‘h = /
- b - 3 I
« - TR - T 14| T
: - 4 .-
1 { } % ‘r ; MIRLL A ' b

T
P

Figure 2.7. Particle motions characteristic of body waves propagation: (a) P-waves, (b) S-

waves (Shearer, 1999).

M E(1-v) G E
I/p = _— = VS = —_ = _—
p p(1+v)(1—2v) p 2p(1+v)
Won,

S [ENTPE

(Force, PhD Thesis, ENTPE, In progress) LU)




/11 Non destructive assessment

Evolution of confined (M) and shear (G) moduli with liquid saturation on CEB
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/11 Non destructive on site assessment

Impact of liquid water on stiffness ?

At several dozen of kHz, water can Solid clayey matrix is soften by the
participate to material stiffness presence of water
NI I‘,E

? ‘ =
(Force, PhD Thesis, ENTPE, In progress) U
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// Non destructive on site assessment

Isothermal poro-elastic law of behaviour, with null gaz pressure

Skeleton Liquid water
do,, = Kdeg,,, — b;d
m m L9pL dp,  dpy 5 +
ds =2 Gde p_ = K_
d L L
dg, = bydey, + 1~ T .
g :
Mass conservation of liquid phase with undrained condition € 3]
dmL dPL § X
=d¢; + =0 “’ —
oL ¢L ¢L & 2 -
g ; *
5| ;
M K+4G/3 G
l/zj — -_— = —; VS = - 0 T T T T T
p P p 0.0 0.2 04 0.6 0.8
SL(-)
where —
~ 1 === G _Experimental
M=M+ bL (N il’) ¥ G_Mesures & 40 kHz
_ LL L M
G G """ M_Experimental ggl:rf%n"swé

+ M_Mesures & 54 kHz

IENTPE

ElR

(Force, PhD Thesis, ENTPE, In progress)



/11 On site applicability

Suivi séchage sur Bloc Mesure vitesse de propagation sur site ,,,‘
Validation sur Atelier de la danse Validation sur démonstrateur ,

Mesure sur site

Mesure laboratoire Vitesse

iétés mécaniques
eau

Lokt sy 1 v sl

SUVIDE MASSEDE BLOG

— i 1
e B ©

Sy ruiirevin- - sl b merl i b e e

Relation en milieu hétérogéne
Comportement au séchage

Parameétre hygrothermique
Déterminer cinétique de séchage

Lien vitesse et propriétés mécanique
Validation sur démonstrateur Etalonnage sur échantillon
Distribution teneur en eau

Batiserf CSTB )e(dniversitt o TERRE

(Force, PhD Thesis, ENTPE, In progreSS) Ingénierie structure tous matériaux le futur en construction Gustave Elffel
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/11 Conclusion

Les verrous actuels au développement

-m« to reclaimed materials (n = 14)
[ L ) e . . .
riccometinss Identification des verrous basée sur des entretiens avec
\ \dentification des verrous majeurs 20 personnes ayant des expériences internationales
reconnues dans les champs de l'architecture, de |’'éco-

construction et de I'’économie circulaire.
(Morel et al., Ph. Trans. B, 2021)

ills and education for skills improvement (n = 7)

g Economiques (n=31)

w Organisationnels (n=33)

[ ] tvarenes anddemand for & sprench 01 .
————— Sociologiques (n=29) v Une grande partie de I’histoire de la terre

[ ] Human behaviour (n = 8) N .
crue moderne est encore a construire

Politiques (n=33)

= Techniques (n=36) v’ Cette construction ne pourra se faire que

)

ds and policies issuss Environnementaux (n=8) par une approche couplée combinant les
/ différents aspects (techniques,
sociologiques, politiques...)

ElR

ts for EOL activities implementation (n = 2)
i of ials (n = 6)
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/11 Conclusion

Approche performantielle retenue

Pas de prescription des moyens permettant
d’atteindre les performances mais :

n terre S0 . e
e ¢ - identification des performances attendues (en
fonction de la technique constructive) et

description des méthodes permettant d’évaluer
correctement les performances

Guides de

bonnes pratiques

de la construction en terre crue . re. s . .
e | Edliton du 16 octobre 2020 lIs facilitent I'assurabilité des constructions MAIS ne suffisent
. St st ot i pas a faire entrer les constructions en terre dans les

s techniques courantes
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