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Résumé

Résumé

Ce mémoire de thése est consacré a I'étude expéaiaedu comportement hydromécanique
d’un lcess naturel non saturé effondrable provedamt site proche de la ville de Bapaume
(nord de la France) dans une zone ou des probldenesssement le long de la ligne nord du
TGV ont été attribués a l'effondrement du lcess,faltl d’infiltrations d’eau. Un nouvel
appareil triaxial permettant de mesurer localeniensemble des variables hydromécaniques
du loess non saturé (déformation, teneur en eaucetos) a été développé. La courbe de
rétention d’eau, déterminée a l'aide d’'un tensiomeée haute capacité et de la méthode du
papier filtre a fait I'objet d’'une attention paui@re : elle présente autour de la teneur en eau
naturelle une zone sans hystérésis bordée par beuxes d’hystérésis des cotés secs et
humides. L’analyse de la courbe de rétention ghlthknomene d’hystérésis a été approfondie
grace a une étude microstructurale réalisée ael'diel la porosimétrie au mercure et de la
microscopie électronique a balayage. Une structaseez complexe composée d'un
arrangement métastable de grains de limon secbdlplement liés par la reprécipitation du
calcaire) et d’'une phase argileuse répartie denfagéterogene a été mise en évidence. L’étude
du comportement hydromécanique a compris une iigatgn de I'effondrement a partir de
faibles valeurs de contraintes proches de la coméran-situ, a I'aide d’essais oedométriques
a taux de déformation constant avec mesures deiosuctn maximum du potentiel
d’effondrement et une dépendance du comportemenamue vis-a-vis de la vitesse de
chargement ont été identifiés. Une campagne d®s$gakiaux a différentes teneurs en eau
constantes avec mesure de succion a permis denititer’allure de la surface de charge du
limon naturel dans le plamp,§), ainsi que ses variations avec la teneur en @ala(succion)

et de confirmer I'écrouissage en succion. Les tasuéxpérimentaux montrent également que
le potentiel plastique est distinct de la surfagekarge.



Abstract

Abstract

The hydromechanical behaviour of an unsaturatedralatoess from Northern France is
studied. Some stability problems detected on teeddoundations of the high speed train line
that links Paris to Brussels have been detectedy Hlave been attributed to collapse-upon-
wetting phenomena under constant external loadheniri-situ conditions. An experimental
study is thus proposed in order to analyse theturetad behaviour of this loess, specially its
collapse susceptibility and the couplings betwéghydromechanical properties.

The studied loess is a natural deposit of aeolragn characterized by a complex structure
that is manly composed of an open and metastalblgrains arrangement. The inter-grains
pores are filled of clay aggregates featured byngportant volume change potential. Clay
aggregates tend to swell or shrink into the intairgs pores with negligible changes of the
total volume of the loess specimens. These chaistote explain partly the particular
hydromechanical behaviour of this loess.

The loess water retention properties were studiediding an in-house constructed high
capacity tensiometer and the filter paper methadthér analysis of hysteresis phenomena
and equilibration time of the Whatman No. 42 filpaper were conducted. A good agreement
between suction measurements obtained by bothitpesiwas observed. The evaluation of
the loess water retention curve shows a hysteresigonse, especially at low water contents.
Changes on the water retention curve were obsemger loading. Microstructure
observations, performed by mercury intrusion paonesiry and scanning electron microscope,
were used for the analysis of the water retentimves This study lead to the proposal of a
model for the hydraulic hysteresis phenomena. Eumbre, it has been observed that
microstructure of loess varies with moisture chandee to the swelling-shrinking potential
of the existing clay fraction.

A new triaxial apparatus for unsaturated soils wibmplete local monitoring was performed.
The development of a new electrical resistivityljrdo measure water content variations is
highlighted. A series of triaxial tests at diffetdérydric states was made in order to analyse the
hydromechanical behaviour of loess. This study shtvat compressibility, elastic stiffness
and dilatancy increases with suction. A plasticeptiail distinct from the yield surface has
been observed. The collapse-upon-wetting phenomema studied by a series of suction-
monitored oedometer tests. A maximum of collapsauoing at stress levels depending on
the imposed stress conditions (oedometer, isotrapi, triaxial tests) was observed.
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Introduction

Introduction

Les sols effondrables, comme les sols gonflantgeat depuis longtemps I'attention des
chercheurs de par les problemes de stabilité gpdsent aux batiments, aux ouvrages
géotechniques et aux infrastructures linéairespi@s Dudley (1970), Terzaghi et Frohlich
(1936) avaient déja observé la tendance que peusarit certains sols non saturés a
s’effondrer lorsqu’ils sont inondés. Les rechercmemées jusqu’a présent sur ce théme et sur
le theme plus général de la mécanique des solsatorés ont permis I'élaboration de lois de
comportement couplées hydromécaniques. Mais lelajgyement de ces lois est dans la
plupart des cas basé sur des résultats expérinxeobdenus sur des échantillons reconstitués

ou compactes et trés peu de données concerneaisesaturels intacts.

La susceptibilité & I'effondrement peut concerrer dépots alluviaux, colluviaux et les sols
éoliens. Le lcess est un dépbt limoneux éoliensprané dans des conditions périglaciaires et
déposé dans des environnements froids de stepg®edps principales nappes glaciaires du
Quaternaire, principalement autour du paralléleNs@ans I'hémisphere Nord, mais aussi en
Amérigue du Sud. On les rencontre sur des platedas, pentes et des grands bassins
alluviaux. En Chine, les épaisseurs de “lcess @e®l ” peuvent atteindre 300 m. Des
dépdbts existent aussi dans le plateau de la SibariRussie, dans les bassins des rivieres du
Danube, du Rhin et du Mississippi (Amérique du Naitsi que dans la Pampa (Argentine)
(Pecsi 1990).

Des dépbts loessiques ont été détectés en Franeeasues problémes d’effondrement sous
les fondations de la ligne a grande vitesse (LGVYdNcCes problemes sont apparus lors de
périodes de pluies intenses en hiver 2001 et aiepnps 2002 en relation également avec des
fuites d'un systeme d’écoulement d’eau. Au-dela ttasaux de renforcement de sols, la
Société Nationale des Chemins de Fer (SNCF) euipé&qgéotechniqgue (CERMES) du
laboratoire Navier (Ecole des Ponts ParisTech) emtamé une étude approfondie sur la

problématique d’effondrement de ce loess pour fepte du Réseau Ferré de France (RFF).

C'est dans ce contexte qu’il a été décidé de memse étude du comportement
hydromécanique du lcess naturel, non saturé. Pdiairee les blocs de lcess ont été extraits a
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proximité du remblai de la ligne LGV nord sur utesproche de la ville de Bapaume. Un
programme d’essais sur ces échantillons a ététeffec'aide d’un nouvel appareil triaxial
pour les sols non saturés, spécifiquement dévejaipgermettant le suivi local a mi-hauteur,
pendant le chargement, de I'ensemble des variatdesctéristiques de I'éprouvette non
saturée : déformations axiales et radiales, tereureau et succion. Des observations
complémentaires sur les propriétés de rétentiomud’et sur la microstructure ont été
également réalisées ; elles ont permis la misevaderdce de certains couplages entre les

propriétés hydrauliques et mécaniques.

Les résultats des travaux réalisés ont fait 'obgeplusieurs articles dans des revues de renom
international. Un premier article sur les proprsétie rétention d’eau du loess a été accepté
dans le journalGéotechniquest trois autres ont été soumis respectivemernBeotechnical
Testing JounalGéotechnique Letterst GéotechniqueDeux articles supplémentaires ont éte
finalisés et seront également soumis prochainend@msi, dans I'organisation du mémoire de
la thése, les deuxieme, troisieme et quatriéme ithapsont composés d'un résumé en

frangais et des manuscrits correspondants.

Dans le premier chapitre, on présente une étudedpiphique sur le comportement des sols
non saturés et le phénomene d’effondrement. Lesaissances acquises a cette occasion ont
été ensuite utilisées dans I'analyse des donngesimentales obtenues sur le comportement

du loess.

Le deuxieme chapitre, dédié a l'analyse des prtgwiéle rétention d’eau du loess, a fait
I'objet de deux articles : le premier, accepté @aotechniqueprésente la courbe de rétention
d’eau, quelques particularités de la méthode duepdittre (dont une approche alternative
avec un papier initialement humide, I'hystérésis mhpier filtre et I'étude des temps
d’équilibre), une description de la technique desune de succion par le tensiométre de haute
capacité (modele développé au CERMES) et surtoaitamalyse de la courbe de rétention a
partir de la microstructure du lcess ; le deuxientiela présente une étude plus approfondie
des effets de la microstructure sur les propriéiggétention d’eau, qui a débouché sur la
modélisation de la courbe de rétention d’eau airpdu modele d’hystérésis proposé par

Rojas et Rojas (2005) et prenant en compte leérdiffs éléments de la structure du loess.

Le troisieme chapitre correspond aux résultats emtés dans deux articles: le premier

présente le développement de la mesure de la teneeau a I'aide d’une nouvelle sonde de
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résistivité électrique ; le deuxieme décrit un reluappareil triaxial pour les sols non saturés
avec suivi local, pendant le chargement, des défthoms, de la teneur en eau et de la
succion. Les courbes d’étalonnage de la résistéld@étrique en fonction de la teneur en eau
volumique ont été analysées a partir de la loi de et d’'un modeéle théorique proposé par
Fukue et al. (1999). Trois essais triaxiaux d’étalonnage okt éffectués avec le nouveau
dispositif afin de tester la précision et la fi@Bildes tests. Grace a ce nouvel appareillage, on
a pu obtenir pour la premiere fois la déterminatamale compléete de I'état du sol non saturé
(déformation, teneur en eau et succion) pendachargement triaxial.

Le quatrieme et dernier chapitre, qui concerned@portement couplé hydromécanique, a
fait I'objet de deux articles : le premier présemte étude a I'oedometre de I'effondrement au
remouillage conduite a taux de déformation conqi@RtS tests) a deux valeurs de contrainte
nette verticale ; le second présente les résuliidee campagne d’essais triaxiaux a
différentes teneurs en eau selon plusieurs chengnsontraintes : compression isotrope,
compressionKy anisotrope et cisaillement triaxial a confinemeonstant. Les résultats
obtenus mettent clairement en évidence les couplades propriétés mécaniques
(compressibilité, élasticité, comportement a latutgy surface de charge) avec les
caractéristiques hydrauliques (courbe de rétertieau). L'effet de la microstructure sur ces

couplages est également analysé.
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Chapitre 1. Comportement des sols non satures -

Application aux loess naturels
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1.1 Introduction

Pendant une longue période, I'étude du comportemestsols non saturés avait été mise a

I'écart, au profit des études sur les sols satak®éss méme qu’il existe de grandes étendues

de sols partiellement saturés dans le monde. Dsapradley (1970), Terzaghi et Frohlich

(1936) avaient déja remarqué la tendance qu’onsdés partiellement saturés a s’effondrer

lorsqu’ils sont inondés. Récemment, I'étude dedditoms de non saturation en mécanique

des sols a fait I'objet de nombreuses recherclaad, du point de vue expérimental que

théorique. En particulier, de nombreux modeles tiigs tenant compte des phénomenes de

couplages entre les composantes mécaniques euligdes du comportement de ces sols ont

été développés. Du point de vue expérimental, gigih existe un nombre important d’essais
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réalisés sur divers types de sols (Maateukl. 1995 sur un limon compacté du Québec, Cui
et Delage 1996 sur un limon compacté de Jossigayceé, Romero et Vaunat 2000 sur une
argile compactée, Cunninghaghal. 2003 sur une argile limoneuse reconstituée, Tarargi

De Col 2008 sur une argile compactée, Jotisankdsal. 2009 sur un limon argileux
compacte, entre autres) et faisant appel a desiitees de plus en plus avanceées, les
échantillons testés sont souvent préparés a phkrrtmatériau reconstitué ou remanié. Ainsi,
les données expérimentales sur des échantillorsoldeaturels ou intacts sont relativement
peu courantes. Les sols naturels non saturés smmtapt trés fréquents dans des régions
arides ou semi-arides (Dudley 1970). Dans ces m&giib existe une grande variété de sols
non saturés tels que les argiles gonflantes traéstigles (gonflement et retrait suite a des
cycles d’humidification et séchage, respectivements dépbts alluviaux (risque
d’effondrement s’ils présentent une structure tregerte), les sols colluviaux ou encore les

sols éoliens (dont le lcess) entre autres.

Suite aux problemes de tassement du terrain deafmmddes voies ferrées du TGV Nord en
France, certains phénoménes d’effondrement ondédctés au niveau des dépbts leessiques
traversés par cette ligne a grande vitesse. Ceasopténes peuvent avoir pour origine des
périodes de pluies intenses au cours de I'hivel 20@u printemps 2002 ainsi que des fuites
accidentelles d’'un canal de conduction d’eau. IRaisaite aux travaux précédents (€tial
1995, 2004, Delaget al 2005, Karam 2006, Yargf al. 2008, Karanet al.2009) qui se sont
attachés a I'étude de I'effondrement du lcess sollisigations cycliques (simulant le passage
des trains), ce travail concerne la caractérisatexpérimentale du comportement

hydromécanique du laess en conditions non saturées.

Ce chapitre présente une synthése bibliographigumchportement hydromécanique des sols
non saturés. Une fois le contexte général de cdtide établit, on poursuit avec le cas
particulier des laess, en précisant les contextegrgphique et géologique de ces sols, ainsi
gue la description des propriétés géotechniquebade du lcess étudié. Finalement, on

termine avec une description du phénomeéne d’efeamént caractéristique a ce matériau.

10
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1.2 Comportement des sols non satures

Les sols sont formeés de particules de sable, denlird’argile, d’oxydes colloidaux et, si le
sol se situe a une profondeur faible, de matiegaruque (Pedro 1976). L’assemblage de ces
particules comporte nécessairement des vides (pdregistence de cette porosité, qui peut
étre remplie par un ou plusieurs fluides, confem& aols un comportent géomécanique
particulier. L’eau coexiste avec I'air dans le das sols non saturés et l'interface entre I'air et
'eau est constitué de ménisques eau-air qui emgahdin état de succion (ou pression
négative) de I'eau dans le sol. La distribution demisques dans I'ensemble des contacts
n'est pas uniforme et la succion est une contraiotale. Ainsi, lorsqu'on applique un
chargement mécanique sur un échantillon de sokature, il n’existe pas de relation directe
entre la contrainte externe appliquée et cellesguproduit entre les particules. La succion
matricielle correspond localement a une contraemgessant sur la surface du ménisque,
normale au contact entre les grains. L'action daldge" de la succion matricielle sur les
contacts provoque I'augmentation de la résistamcsgot (Jennings et Burland 1962). Si le sol
est alors saturé, il perd cette résistance addiébe due a la succion et I'on observe, pour
certains types de sols suffisamment laches, le ghéne dit d’effondrement (Jennings et

Burland 1962) et qui correspond a des déformatiohaniques contractantes et irréversibles.

1.2.1 Succion dans les sols

Buckingham (1907) fut le premier a étudier la dapié dans les sols partiellement saturés.

Richards (1928) a défini le potentiel total de liekans les pores du sol comme la somme des
potentiels capillaire et gravitationnel. Dans uofprde sol non saturé au-dessus de la nappe
phréatique, le potentiel capillaire augmente lirgraent a partir de zéro au niveau de la

nappe. Le termpotentiel de I'eapou succion concerne toutes les forces capables de retenir
'eau dans la structure du sol. Le potentiel d’éans le sol joue un réle important dans la

compréhension du comportement mécanique des saisllpanent saturés et des sols saturés

(Alonsoet al 1987).

Le potentiel total de I'ea¥ est défini comme la somme de quatre élémentsotenpel de

pression externé4, le potentiel gravitationne¥y, les potentiels capillaire et d’adsorption

dont la somme forme le potentiel matriciel ¥, et, le potentiel osmotiqué&’, (Aitchison

1965a, Alonset al. 1987, Delage et Cui 2000a). Ce concept peut émeesenté comme suit:

11
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wt :wP +¢Ig +(//m +wo (1-1)

Le termepotentiel est plutbt associé au bilan d’énergie de I'eausdansol, tandis que le
terme succionest lié a la pression de I'eau (pression négatila)succion matricielleest
représentée par la différeneg € u,) entre la pression de l'air et la pression deu’dans les

pores du sol.

Les phénomenes de capillarité se produisent &tfmte entre deux fluides, car les molécules
y sont soumisses a un ensemble de forces d’'intenaaton-équilibrées, a la différence d’'une
molécule située au sein du fluide. Une moléculaw’au sein d’'une masse d’eau est soumisse
a des actions de méme nature, alors que cellsmi@rface entre deux fluides, eau-air par
exemple, est soumisse a des actions différentetsona dues a I'eau et actions dues a lair.
Les molécules d’eau a I'interface eau-air sontiattirées vers la masse d’eau et la surface
de I'eau est soumisse a une force perpendiculdmesarface libre. Il est cette attraction qui

engendre une tension de surfacel'interface eau-air (Delage et Cui 2000a).

La capillarité est souvent illustrée par le schéteala Figure 1-1, décrivant la remontée
capillaire de I'eau dans un tube de raygpetit plongé dans un récipient contenant de I'eau.
La relation entre le rayon de courbure du ménisspigerique eau-air dans le tube et la
différence de pression entre l'air et 'eau estrdmnpar la loi de Laplace, qui se simplifie

dans I'hypothese de pores cylindriques et prengfession de la loi de Jurin :

(ua_uw):w

5 (1-2)

ou (Ua — Uw) = s est la succion matricielle due a la capillaritéetst I'angle de mouillage de
'eau sur le solide (la paroi du tube dans la Feginl). En supposant que I'eau est un fluide

parfaitement mouillant, cet angle est alors nul.

La succion osmotiquest due aux effets des sels dissous dans I'eaoldD’apres Alonset

al. (1987), il est important de déterminer les comptesardu potentiel hydraulique qui
influencent le comportement mécanique des solseflamhent saturés. Généralement, la
succion matricielle est I'élément principal maissl&ccion osmotique reste une composante a

considérer.

12



Chapitre 1. Comportement des sols non saturés - égifiih aux loess naturels

La succion est mesurable a travers plusieurs mégherpérimentales. Chacune couvre une
gamme différente de succions. Une description déwxipales méthodes de mesure est
présentée dans le Tableau 1-1.

pore
,l pre§s_i0n T
2] de I'air

angle de

mouillage ‘ lf-{, tension de

/| surface

or

f =

pression de I'eau

Figure 1-1. Représentation du phénomene de caigilidModifiee d’apres Engel et al. (2004)

De nombreuses techniques de mesure reposent slisdtion de pierres poreuses céramiques
de haute valeur dentrée d'air. Elles ne peuvent éfesaturées que sous des succions
beaucoup plus fortes que celles présentes dansl.le&Css pierres doivent en effet rester
saturées, méme si elles sont soumises a des pregsigatives. Cela permet d’assurer le
passage de I'eau entre la pierre et le sol (Freldlund Rahardjo 1993, Delage et Cui 2000a).
Ridley et Wray (1996) donnent une description catglde ces méthodes de mesure de
succions. Le développement du tensiometre de taypgcité par Ridley et Burland (1993) a
représenté un avancement significatif dans la needas succions matricielles jusqu’a 1500
kPa. De nombreux capteurs similaires ont été dgpél® a partir de ce premier concept avec
guelques améliorations techniques (Tarantino 200ehler et Diene 2007, Marinhet al
2008). Ce dispositif est intermédiaire entre lestemetre classique (jusqu'a 80 kPa) et les
psychrometres a miroir (1 - 60 MPa) ou du type $M 70 MPa).

Ordre de grandeur de

Technique Principe .
succions

0 — 80 kPatensiométres
classiques (limite classique
de 80 kPa, due a I'apparitio
de la cavitation)
0.— 1500 kPatensiometres
e haute capacité, composes
d’une pierre poreuse de
haute valeur d’entrée d’air e
d’un réservoir d’eau de tres
petite taille

=}

Mesure de la pression engendrée dans un
Tensiometre réservoir d'eau placé derriére une pierre porel
céramique qui est en contact direct avec le so

—*
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Ordre de grandeur de

Technique Principe .
succions
Transfert d’eau entre le sol et une piéce de papier
Méthode du filtre standardisé. La succion est déduite de la
S SNPTRDNPR 0 - 30 MPa
papier filtre teneur en eau du papier filtre a I'équilibre (7
jours) par rapport & une courbe d'étalonnage
Mesure de I’humidité relative a proximité de
Psychrométre a | I'eau interstitielle du sol a l'aide d'une 03-8MPa

thermocouple | thermocouple.
On en déduit la succion par la loi de Kelvin

Mesure de la température au point de rosée
associé au début de la condensation. Ceci est
Hygrométre a | réalisé par un miroir & température contrélée, sur

point de rosée —| lequel est projeté un rayon optique dont on 1 - 60 MPa
psychrométre a | analyse la réflexion. L’humidité relative est
miroir déterminée par la mesure de la température d
point de rossée de I'atmosphére considérée, qui
est d’autant plus faible que I'air est sec

c

Mesure indirecte de I’humidité relative a partir
de la différence des températures mesurées par
Psychrometre un thermometre "sec" et un autre "humide", 1-70 MPa
SMI lesquels sont en équilibre avec I'échantillon.
L'évaporation du thermometre "humide" fait
descendre sa température

La mesure de succion est réalisée de fagon
indirecte par une pierre poreuse céramique etjun

Sonde d_e_ . capteur de conductivité thermique inséré dans |
conductivité ) o : - g— 1500 kPa
. pierre. La conductivité thermique est associe a
thermique s S 2
succion a partir d’'une courbe d’étalonnage
proposée par Zhareg al (2001)
La mesure de succion est réalisée de facon
indirecte par une pierre poreuse céramique et
deux électrodes concentriques insérées dans Ieb
. X — 300 kPa
Sonde de pierre. He (1999) a proposé une courbe b
e ' e ; R . |.]a sensibilité de la sonde
conductivité d’étalonnage afin d’obtenir la succion a partir de; _~. N
. : .. s . . . devienne tres basse lorsque
électrique l'intensité du courant électrique qui traverse

, , = la succion dépasse 300 kPa
I'espace poreux du sol. Néanmoains, il faut tenir

compte l'effet de la salinité de I'eau dans la
mesure de la intensité.

Tableau 1-1. Techniques de mesure de succion. AdEpbDelage et Cui (2000a), Townezidal
(2000), Delage (2002), Tarantieb al.(2008) et Delaget al. (2008)

Les méthodes de contrble se font par I'impositibleemaintien de la succion a une valeur

fixée. Une description des principales méthodesouérdle est présentée dans le Tableau 1-2.

Technique Principe Rang de succions

0 —10 kPa :(1m d’eau)
Plaque Application d’'une pression 0 — 80 kPa: on applique une pression
tensiométrique | négative dans I'eau négative jusqu’a la limite imposée par la

cavitation (80 kPa)
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Technique Principe Rang de succions

Application d’'une pression

positive du gaz, supérieure a lg Ces systemes ont été étendus a succions
Translation pression d’eau. Cette derniere estussi élevées que 12 MPa (Escario et Juc

d’axes (cellule
de Richards)

généralement égale a la pressi
atmosphérique, mais elle peut
étre contrblée a une valeur
donnée

pression du gaz

poe qui impose la construction de cellules
métalliques résistantes aux variations de I

Technique
osmotique

Transfert d’eau par osmose. Of
utilise une membrane semi-
perméable et une solution de
molécules organiques de
polyéthyléne glycol (PEG)

0-12 MPa

Contréle par
phase vapeur

Controle de 'humidité relative
par des solutions salines saturé
(ou des solutions d’acide
sulfuriques a diverses

eSuccion maximale332 MPa, qui

concentrations)

correspond a une humidité relative de 9%
exercée par une solution saturée en KOH

Tableau 1-2. Techniques de contréle de succionpt&dde Delage et Cui (2000a), Townextcl.

(2000), Delage (2002) et Delageal. (2008)

1.2.2 Courbe de rétention d’eau

Le comportement des sols non saturés est fortefigeat la relation entre la succion et la

teneur en eau, qui conditionne également les vamgtde la conductivité hydraulique non

saturée avec la teneur en eau et, plus généralelag@ponse hydromécanique des sols non

saturés. La relation entre la succion et la teeaugau définit la courbe de rétention d’eau qui

est caractérisée, entre autres choses, par lestaspévants:

- Une zone aux forts degrés de saturation ou la ptiasen’est pas continue, la phase

d’eau continue et le sol reste quasi-saturé. Lissde comportement qui s’appliquent aux

sols saturés peuvent étre utilisées (Fredlund ki 1993). Dans cette zone, le sol est

soumis a des valeurs de succion inférieures adssfm d’entrée d’air ("air entry value",

AEV) ;

- Une deuxieme zone ou les phases air et eau sotihwes), rencontrée quand la succion

bY

devient supérieure a la pression dentrée d'airgeé la teneur en eau diminue

significativement. L’air peut ainsi entrer dans lesres lors de l'augmentation de la

succion. Les effets de I'hystérésis caractérisetiecsection ;

- Une zone résiduelle ou la phase d’eau est disaont ou les transferts d’eau en phase

gazeuse deviennent prépondérants. Dans cette rétgofaibles variations de teneur en
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eau peuvent correspondre a de forts changementa deccion (Croney et Coleman
1954).

1.2.3 Contraintes dans les sols non saturés

Les roles de la contrainte totale et de la sucsion’état de sollicitation auquel est soumis un
sol non-saturé et la question de la validité deolégon de contrainte effective dans les sols non
saturés sont des points encore largement débb#usntrainte effective pour les sols saturés
a été formulée par Terzaghi et Fréhlich (1936) :

“all the measurable effects of a change in stre’ggh as compression, distortion, and a
change in shearing resistance are exclusively duehanges in the effective stres&€n

francais: “tous les effets mesurables d'un changen® contrainte, comme une compression,
une distorsion, et un changement dans la résistamagsaillement, sont dus exclusivement

aux variations de la contrainte effective .

Bishop (1959) a souligné les implications les piengportantes du principe de contrainte

effective :

“(1) that volume change and deformation in soilpeled not on the total stress applied, but
on the difference between the total stress andptkessure set up in the fluid in the pore
space”. En francais: “le changement de volume et la dé&tion dans les sols ne dépendent
pas de la contrainte totale appliquée, mais deiffarence entre la contrainte totale et la
pression du fluide présent dans l'espace poreux .

“(2) that shear strength depends, not on the to@imal stress on the plane considered, but

on the effective stress’En francais: “la résistance au cisaillement needdppas de la

contrainte normale totale sur le plan envisagésmaila contrainte effective .

Ces concepts prennent en compte l'interaction éatcentrainte totale, la pression de I'eau et
la contrainte intergranulaire. On considére quedatrainte effective agit sur le contact des
particules du sol. Dans la Figure 1-2 (Engel ek@D4), on présente un schéma détaillé des
forces qui agissent sur les contacts des particuléguilibre des forces en direction verticale

donne :
o A=(f, = o)A - fuA+U,A, (1-3)

- fy estlaforce due a I'hydratation et la répulsiatunelle entre les particules,
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- fc est la force d'attraction due a la cimentatioawt liaisons chimiques,

- fw est une force d'attraction due aux forces de van \Waals et aux contraintes

électrostatiques,

- Uy est la pression du fluide (eau) dans les pores.

Figure 1-2. Schéma des forces agissant sur unatamiae particules (Enget al. 2004)

On peut diviser la surface totald en trois parties : la surface de contagt la surface
mouillée Ay et la surface sech&,. Ainsi, la contrainte effective pour les sols sasuest

définie par :

g=~+———~~—==0g+f, -u, (1-4)

Dans la plupart des cas, les forces de van derd/éadés contraintes électrostatiques peuvent

étre négligées. Ainsi, la contrainte effective mrege par Terzaghi est :
a'=o-u, (1-5)

Cette relation est valable dans le cas de solsrésatwu la pression de l'eaw, est
généralement positive ou nulle. Il existe des aatagression de I'eau, est négative, mais

le sol reste saturé : dans ces conditions cettiorlest également valable.

Dans les sols non saturés, la facon dont les dotésaexistantes agissent sur chacune des
trois phases (solide, fluide et gaz) dépend demdiffts facteurs. Dans les sols grenus non
saturés, la capillarité engendre une attractiomeeles grains qui n’agit que sur la surface

mouillée des grains, qui diminue lorsque la suceingmente. Comme souligné par Jennings
et Burland (1962), la succion est une contraintale et perpendiculaire aux contacts entre

les grains qui dépend de la géométrie des contatersyranulaires. Dans les sols fins non
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saturés, en plus de la capillarité, on doit tenimpte des forces d’adsorption dans la phase

argileuse.

Nombre d’auteurs (Cronest al. 1958, Bishop 1959, Aitchinson 1961, Jennings 18dhop

et Blight 1963) ont proposé des approches qui déctil’état de contraintes des sols non

saturés afin de relier la contrainte totale, lacgurcet la contrainte effective. Bishop (1959) a

proposé une approche de la contrainte effective lgsusols non saturés, basée sur le principe
proposé par Terzaghi et Frohlich (1936). En ajaularforce qui agit sur la phase gazeuse
(air) u; dans I'équation (1-3) proposée par Bishop (1958i);

JA:(fH a fC)AS_fWA_uaAa+uWAN (1-6)
Cela donne finalement I'expression de Bishop (1959)

Ay

J'=J—ua+7(ua—uw):a—ua+)((ua—uw) (1-7)

- 0 est la contrainte dite « effective »,

- (0—Uu,) est la contrainte totale moins la pression dams |

- (ua— uy) est la succion matricielle dans I'eau du solfédd@nce entre les pressions d’air et
d’eau),

-y est un parametre qui dépend du degré de saturégaha I'unité dans les sols saturés et

zéro dans I'état sec.

D’aprés Bishop (1959), il suffit ainsi de trois goeurs (la contrainte totale appliquée, la
succion et le paramétpepour décrire la résistance au cisaillement dasisdds non saturés.
Néanmoins, le principe de contrainte effective demimapplicable pour décrire le
comportement contrainte - déformation des sols saturés (Jennings et Burland 1962,
Wheeler et Karube 1996, Alonsbal. 1987, Delaget al 2000b).

1.2.4 Points faibles du concept de contrainte effective

Des analyses faites a partir de travaux expérimentsalisés par Jennings et Burland (1962),
montrent un certain nombre de points faibles duwcephde contrainte effective appliqué aux
sols non saturés. On analyse maintenant le pammétr on présente des anomalies liées a

son utilisation dans la description du comportenimgdromécanique des sols non saturés.
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Analyse du parametrgy

Donald (1960) et Aitchison (1961) ont proposé I'ules premieres expressions qui décrit le

parameétrey. Elle est une fonction de la succi®r (U, — U,) et du degré de saturatiGn
1 S
X=§+: [o3sas (1-8)
0

Dans la Figure 1-3, on présente des courbes dmpamgy en fonction du degré de saturation
(Donald 1960, Aitchison 1961, Bishogt al. 1960, Bishop et Donald 1961, Jennings et
Burland 1962). Le paramétrg a été calculé a partir des relations entre legramtes

appliguées et la succion, obtenues a des indice&lds constants, pour différents sols.

>

| é/// °f
17 4]
/é// ?

Q 20 40 L= a0
DEGREE Of SATURATION Sr

FACTOR

COMPACTED BOULDER CLAY (-2}04%) BISHOP

COMPACTED SHALE (-23-22%) ETAL(1960)
BREAHEAD SILT. BISHOP AND DONALD (1961)
SILT (-2P 3% )

SILTY CLAY (-2 p=23%)
THEORETICAL DONALD (1960)

SOV AW -

Figure 1-3. Variation du parametyfgFACTOR) en fonction du degré de saturation (Jegsit
Burland1962)

Les courbesy(S) des sols granulaires ("BREAHEAD SILT" et "SILTSg rapprochent de
'expression théorique proposée par Donald (1980AiEhison (1961) a des degrés de
saturation compris entre 40% et 60%. A propos d&sagileux, on souligne le grand écart
entre les données expérimentales et I'expressiéoritiue, surtout a des hautes valeurs de
degré de saturation. Jennings et Burland (1962s0ggéré d’adopter un degré de saturation

critiqgue, au-dessus duquel la notion de contraffective serait valable.
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Bishop et Blight (1963) ont réétudié le conceptdatrainte effective pour les sols saturés et
non saturés dans laquelle I'expression proportilbaree la succion est remplacée par une

fonction plus complexe:
o'=(o-u,)+f(u,-u,) (1-9)

Bishop et Blight (1963) ont estimé cependant qeepfessiony (U, — Uy) €st une bonne

approximation dé (u, —uy) pour les sollicitations de cisaillement.

Analyse a partir de la "contrainte intergranulaire”

D’aprés Jennings et Burland (1962), on considerprilecipe de contrainte effective, plus
comme une contrainte calculée a partir de la moyelas forces intergranulaires, que comme
une loi fondamentale du comportement mécanique rdéigux poreux multiphasiques.
Aitchison et Donald (1956) ont analysé les effetscHangement de la teneur en eau dans la
variation de la contrainte effective intergranwdaicors d’'un processus de séchage, on estime
gue le réseau poreux du sol commence a drainer lazaque la succion dépasse la valeur de
la pression d’entrée d'air, qui est associée aélantétrie des pores et au type de sol. La
succion engendre l'apparition de ménisques, disdsbde maniére irréguliere au sein de
larrangement de grains. Aitchison et Donald (19%6hsidérent qu'a chaque étape du
processus de séchage, il existe deux composantescdatrainte intergranulaire: les forces
existantes dans les ménisques du réseau draimépeedsion isotrope d’eau dans le réseau
poreux toujours saturé. Pour eux, la somme desl@@s composants représente la contrainte
effective intergranulaire. Aitchison et Donald (89®nt aussi analysé expérimentalement la
variation de la contrainte intergranulaire par @p@ la succion et a la teneur en eau, sur
quatre sables ayant différentes compositions goamétriques. Alonscet al. (1987) ont
redessiné les courbes originales en fonction dmmtdrainte effective intergranulaire et de la

succion Figure 1-3.

llIs ont remarqué une tendance linéaire pour ledrgusables aux faibles succions et une
déviation de la relation initiale linéaire au mornen on dépasse la valeur d’entrée d’air de
chaque sable. A partir de cette valeur, il n’expse de relation fixe entre la succion capillaire
et la contrainte effective intergranulaire ; cetéation dépend de la valeur courante de

succion et du type de sol.
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24

Ettective inlergranular stress (psi)

0 20 40 60 80 W0 120 .0 60 180 200
Pore water tension (om of water)

Figure 1-4. Relation entre la contrainte effectivergranulaire et la pression négative de I'eau
(succion) a partir du modele capillaire. Modifig pdonso et al. (1987) a partir des données
d’Aitchison et Donald (1956)

Analyse a partir du comportement au changement volgue

Jennings et Burland (1962) ont réalisé une ségesdlis oedomeétriques sur un limon d’apres
la méthode du double oedomeétre (Jennings et KAight) afin de caractériser le changement
volumique en fonction des variations de succiorsdtifférentes contraintes : i) la premiére

éprouvette (test 1) a été initialement mouillégjua la saturation sans application de charge,
et puis chargée par paliers jusqu’a une contraiaetécale de 16 tons/sq.ft. (1690 kPa); ii) en

partant de I'état sec, la deuxiéme éprouvette @gst été initialement chargée jusqu’a une
contrainte verticale de 2 tons/sq.ft. (211 kPdle; & ensuite été mouillée sous cette contrainte
jusqu’a la saturation, et finalement chargée jusquie contrainte verticale de 16 tons/sq.ft.
(1690 kPa); iii) suivant la méme procédure, trgisoévettes additionnelles ont été testées
(tests 3, 4 et 5) avec saturation a trois contaimbtales différentes de 4, 8 et 16 tons/sq.ft.
(422, 845 et 1690 kPa).

Les résultats de ces tests ont permis de tirardeslusions suivantes :

- La courbe du test 1 rejoint rapidementtarbe de compression viergabtenue lors du
compactage d’'un échantillon de limon remanié airgatCette situation est typique pour
les sols saturés normalement consolidés, car leurbe de compression rejoint une
unique courbe de compression vierge ;

- Les échantillons des tests 2, 3, 4 et 5 ont unepoessibilité plus faible qu’a I'état saturée.
Avant la mise en saturation, leurs courbes de cesswn croisent la courbe de
compression vierge, montrant 'augmentation de datrainte de plastification avec

I'incrément de succion ;
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- Lors de la mise en saturation pendant les tes3s 2,et 5, on a observé du déplacement
positif ou de compression. Cela seminleohérentavec le concept de contrainte effective
pour les sols non saturés (proposée par Bishop, E#691-7)) car une diminution de la
succion (mise en saturation) engendre une réduckoia contrainte effective, et cela

devrait générer le gonflement de I'échantillon ;

- Apres la saturation, les courbes des tests 2,e8,54rejoignent la courbe de compression

vierge.

Sur la base du concept de contrainte effectivaetdiminution de la contrainte effective est
accompagnée d’'une augmentation du volume du sanméins, lorsqu’un sol partiellement
saturé est mouillé sous une charge externe coastdnpeut présenter une réduction de
volume, de tassement ou “d’effondrement”. CecidEsic contraire au comportement prévu
par le concept de contrainte effective. JenningsBatland (1962) ont attribué ce
comportement a des variations spéciales de la tgteucdes sols non saturés. Les
modifications dans I'arrangement des particulessdae retrait des ménisques dans la phase
de mouillage sont différentes de celles généréedeavariations de la contrainte externe
(Delage et Cui 2000b).

Wheeler et Sivakumar (1995) ont montré la non-vi#@idu principe de contrainte effective
pour les sols non saturés en examinant I'évoludiorolume spécifique d’'un échantillon de
kaolinite compactée a l'état critique. Cela est liggg avec les courbes déviateur de
contrainte a la rupturg en fonction de la contrainte nette moyenme- (1) etv en fonction de
(p — w), présentées dans la Figure 1-5. Sur cette figuaesidérons deux poingset B situés
sur les courbes de I'état critique de 0 et 200 KBasuccion respectivement. D’aprées le
concept d’état critiqued etB correspondent a une méme valeur de déviateurnuptareq, ils
doivent correspondre a la méme contrainte effeciveau méme volume spécifique. La
réponse en variation de volume indique que ce mpastle cas: le poirB se trouve a une
valeur de volume spécifique beaucoup plus petitelgyointA. Un raisonnement inverse est
également valable : les deux poimset C ont le méme volume spécifigue, mais des
résistances au cisaillement a I'état critique tiigrentes.

Compte tenu des nombreuses difficultés pour délmimmmportement volumique sur la base
d’'une contrainte effective obtenue par la combworaide la contrainte nette et de la succion

dans une méme équation (Jennings et Burland 196RoB et Blight 1963, Aitchison 1965b,

22



Chapitre 1. Comportement des sols non saturés - égifiih aux loess naturels

Brackley 1971), plusieurs auteurs ont recommandsaje d’'un jeu de deux contraintes

indépendantes (Coleman 1962, Fredlund and Morgens8y 7, Alonscet al. 1987).
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Figure 1-5. Représentation de I'état critique (apépture) d’'une kaolinite compactée (Wheeler et
Sivakumar 1995).

1.2.5 Variables d’état dans les sols partiellement satus2

De nombreux auteurs ont cherché a définir les bbsaqui représentent le comportement
hydromécanique des sols non saturés (Aitchisoncetald 1956, Bishop et Donald 1961,
Bishop et Blight 1963, Burland 1965, Bardehal. 1969, Fredlund et Morgenstern 1977,
Mongiovi et Tarantino 1998, Tarantinet al. 2000). En toute généralité, trois contraintes
entrent en jeux dans le comportement mécaniqusalsgartiellement saturés : la contrainte
totale g, la pression de I'eau dans le sl et la pression de l'air dans le 3@l ; les deux
dernieres sont isotropes (Fredlund et Morgenst&Ti7,1 Alonsoet al 1987). Bishop et
Donald (1961) et Coleman (1962) ont été les presraesuggérer I'utilisation de la pression
d’air comme composante de I'état de contraintessés non saturés. D’apres des analyses
théoriques (Bishop et Donald 1961, Coleman 1962tydsaet Radhakrishna 1968) et des
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observations expérimentales (Fredlund et Morgemst®77, Mongiovi et Tarantino 1998), il
est maintenant accepté que deux combinaisons deogesontraintes permettent de décrire le
comportement des sols partiellement saturéscdrdrainte nette(g; - ua gj, ou g; est le
symbole de Kronecker) et &uccion matriciellg(u, - Uy) sont les deux combinaisons le plus

largement utilisées en pratique.

Lors d’essais triaxiaux sur des échantillons detimon saturé, Bishop et Donald (1961) ont
imposé des variations de la contrainte de confimerag de la pression d’eaw, et de la
pression d’airu,, en gardant les combinaisons (- uy) et (Ua- Uy) constantes. D’aprés les
résultats des essais, si ces deux combinaisommtresinstantes, on n’observe presque pas de
changement de la courbe contrainte — déformati@mensi on impose des fortes variations
aux variables individuelles. Au contraire, lorsdgiont fait varier &5 - uy) ou (Ua- Uy), il y @

eu un effet remarquable sur le comportement cortrat déformation. Coleman (1962) a été
le premier a considérer la contrainte nettg {u,) et la succioni - u,) comme variables

indépendantes.

D’aprés les travaux expérimentaux de Mongiovi etamtno (1998), des incrémerfig, Au,

et Au, égaux et simultanés ne provoquent aucune défomamlumique si on maintient

constants les champs de contrainde (i) et Uy - Uy). Dans un de leur tests, ils ont observé

gu’une augmentation de la variabte-(u,) engendre la méme variation de la succign ()

si on maintient constant le volume de I'échantillie sol. D’apres Delage et Cui (2000), il

existe trois raisons qui expliquent I'utilisation douple des variables d’'étaf { uy) et (U, -

Uy):

= |a variable @, - uy), qui correspond a la succion matricielle, a ugaiBcation physique
bien définie;

= |a pressioru, est dans la plupart des cas prise égale a 0 {@measnosphérique); ainsi,
I'expression de la contrainte totale nette est kfiép et la succion devient une pression

d’eau négative;

= ce couple de variables est également bien adaptnalyse d’'essais réalisés par la

technique de translation d’axes, ou une pressiaim positiveu, est appliquée.

Les variations indépendantes de la contraintedatatte § - u,) et de la succion matricielle

(ua - Uy) ont une influence directe sur le comportementstés non saturés.
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Bien que le principe de contraintes effectives d&h@&p pour les sols non saturés comporte
guelques point faibles dans la description de é@mnportement, il a été repris pour différents
auteurs dans le développement de leur modélesitnifist(Kohgoet al. 1993, Modaressi et
Abou-Bekr 1994, Bolzoret al. 1996, Loret et Khalili 2000, 2002, Gallipadit al. 2003,
Wheeleret al 2003, Shengt al. 2004, Ehlerst al. 2004, Santagiuliana et Schrefler 2006,
entre autres). Leur formulations varient beaucaupis se basent essentiellement sur deux
contraintes indépendantes : la premiére, altermaivda contrainte nette moyenne, du type
« Bishop », et la deuxiéme associée a la succies.édxemples de modeéles élasto-plastiques
utilisant ce choix de contraintes sont donnés pansG(1995). Jommi (2000) fait une

discussion claire sur la sélection de ce choixalgraintes.

Certains de ces modeles ont été catalogués commea@rainte effective ». Ceci a généré
une confusion par rapport aux points faibles quotiéja décrits dans la section 1.2.4. Bien
gue ces modeles utilisent une « contrainte effectidans leur formulation, ils considérent de
facon indépendante la succion. Cette interprétagsh actuellement largement acceptée
(Alonso et al. 2010). Des considérations thermodynamiques ontnétiquées par Gray et
Schrefler (2001), Lalouet al. (2003) et Coussy (2004), entre autres, afin dggser une

éguation de contrainte effective sous la forme:
o'=0-p,1+Ssl (1-10)

Ou o etosont les tenseurs effective et tofglest la pression du gaz (air),sast la succion
égale a =ffy - p). Le degré de saturation doit étre défini surudece réellement mouillée, et
on ne doit pas le confondre avec le paramgetiees derniéres formulations d’une « contrainte
effective » acceptable sont basées sur les refatiistantes entre la contrainte total, la
succion et dans certains cas le degré de satur@oonme décrit par Pereigt al. 2003 et
Nuth et Laloui 2007) et peuvent étre résumeés gaplession :

o=o+n(p, p.S)1 (1-11)

ou la fonction 7{pg, P, S§) peut étre considéré comme une pression de pareadente,
correspondant a la pression d'un fluide saturaspdice poreux et entrainant le méme

comportement d'ensemble que celui observé danslumos saturé (Alonset al. 2010).

25



Chapitre 1. Comportement des sols non saturés - égifiih aux loess naturels

1.2.6 Structure des sols partiellement saturés

L’étude de la structure du sol a un réle majeursdancompréhension de son comportement
mécanique et pour la prédiction qualitative deféefles variables environnementales. Dans
les sols non saturés, I'analyse de la structureeaimportance particuliere dans la mesure ou
la structure contréle en grande partie I'état @ad’ dans le sol et donc la succion. D’aprées
Alonso et al. (1987), une meilleure compréhension de la stractpermet également

d’analyser l'effet de I'eau adsorbée sur les asggar la valeur de la succion matricielle et

influence de la géométrie interne sur la capitéar

Les deux méthodes les plus utilisées pour les seslyle la structure des sols sont la
microscopie €électronique a balayage (MEB) et laopionétrie par intrusion de mercure. A
partir d’observations expérimentales, McGown etli@sl (1975) et Collins (1984) ont
proposé une classification des sols naturels pagpora a leur comportement gonflant ou
effondrable. Cette classification est congue airpdet trois niveaux d’arrangements entre les
particules du sol: I'espace poreux, I'arrangemesd garticules individuelles (comme dans
une sable propre ou dans une argile pure), etrlemgements complexes entre les grains
(sable, limon) et les particules argileuses (conuaes le loess). Par exemple, les sols
gonflants sont généralement caractérisés par demgaments simples entre particules
argileuses. Les sols effondrables ont des orgamnsaplus complexes avec des arrangements

des grains liés par des agrégations argileuses®agents cimentants.

D’aprés Alonscet al. (1987), la structure du sol peut étre caracténmae’identification de

différents éléments simples (Figure 1-6) :

- grains ou particules individuelles ;

- matrice ouvolume de sol composé par des particules distrbukeefacon relativement
homogene ;

- agrégations entre particules individuelles ;

- assemblages entre agrégations argileuses et geaiimon ou sable ;

- connecteurs entre les grains de limon ou sabke pealivent étre composés d’agrégations

argileuses ou d’autres agents cimentants.
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Intra matrix pore
Elementary particle amangement

Silt or sand grains

Grain to grain contact

“Clothed * grain
Aggregation or “packet Pore

Inter- aggregate pore Sond grain

Ewmentary particle arrangement Ciay connector

Inter -aggregate pore

: . ‘ Silt or sand grains Ciay platelet
" % Intra -element pore
Figure 1-6. EIéments de la structure du sol (Alogtsal. 1987): a) matrice argileuse composée par
'agrégations de particules argileuses et par quesgrains de limon ou sable; b) structure composée
par des assemblages entre agrégations argileugesret de limon ou sable; ¢) matrice de sable ou

limon avec des connecteurs d'argile entre les graidividuels; d) agrégation simple d’éléments
argileux

Cette analyse est conforme aux travaux menés ersiptétrie au mercure par Ahmedt al
(1974) et Delaget al.(1996). On présente en Figure 1-7 des photographieM EB obtenues
sur un échantillon de limon de Jossigny compact aigés sec et humide de I'optimum
Proctor, tirées de Delagat al. (1996). Dans la photographie de I'échantillon caotp du
cOté sec (Figure 1-7a), on observe un agrégat Gqut0de diametre composé de grains de
limon angulaires de rayon moyen gh. Des agrégats argileux, sous la forme de plaggiett
de kaolinite, couvrent la surface des grains deohiml semble que les agrégats argileux
agissent comme de liaisons entre les grains. Lenralacces des pores intergranulaires est
d’environ 4 um. Il existe des pores inter-agrégats de diamé@eumh. Cette structure
correspond aux types b et ¢ de la Figure 1-6. plaggit que le processus de compactage ne
modifie pas la structure des agrégats, lesquelsétintinitialement formés a partir d’'une
poudre passée par un tamis de ga0puis humidifiée. Aux faibles teneurs en eau (c&®),

en raison de valeurs relativement élevées de lei@udeur cohésion apparente augmente et
le compactage ne peut pas les détruire entierer@etd.explique I'existence d’agrégats et de
gros pores entre eux et évite que I'échantilloeigitie la densité maximale au Proctor (Delage
et al. 1996).

Au contraire, la structure du méme limon compaatée¢ la méme fraction d’argile) change

s’il a été initialement humidifié. Dans la Figurerth, on observe I'augmentation du volume
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des agrégats argileux, lesquels forment une madrigdéeuse autour des grains de limon. Cet

assemblage correspond a une structure du typena)aaigure 1-6.

g

(@) (b)

Figure 1-7. Observation au MEB de la structure dionon compacté: a) du coté sec de I'optimum; b)
du c6té humide (Delage et al. 1996)

Dans la Figure 1-8, on présente une observatiamiexoscope électronique a balayage de la
structure d’un échantillon de loess provenant dudNier la France. Ce matériau comporte des
grosses agrégations des grains de limon liés parageégations argileuses, caractéristique
d’'une structure de type b) selon la Figure 1-6. &ite figure, on observe aussi de zones
composeées par des grains propres de limon avequpseliaisons argileuses, distribuées de
maniere aléatoire (structure du type (c) dans tprei 1-6). Ce lcess présente aussi de gros
pores entre les agrégations ayant un diameétre isupér 100um. Cette type de structure est
caractéristique des sols effondrables. Ce phénord&imndrement peut se produire a la
suite de deux scénarios typiques : 1) on humidéisol (sous charge externe constante) et
ceci entraine la disparition des effets de la surcéqui augmentaient sa résistance) entrainant
un effondrement, lié a la présence des zones carapgzar de grains propres de limon et
faiblement cimentées; ou 2) on applique une chaxferne (en condition saturée par
exemple) et les agrégations de limon-argile s’effent et remplissent les gros pores qu’on
observe a I'état intact.

Alonso et al. (1987) ont présenté une analyse des phénomenesodiergent et
d’effondrement des sols a partir de 'analyse de $tructure. Sous basse contrainte et lors du
mouillage, on observe généralement une augmentatammoscopique du volume du sol, liée
au gonflement des agrégations simples d’argilem;istensité dépend de la minéralogie de
largile. Ces agrégations tendent a conserver &urcture tant qu’on n‘augmente pas de

maniere significative la contrainte externe. Sieelugmente, les connecteurs ou les
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agrégations d’argiles s’écrasent, les particulessght aux contacts et les pores qui existaient
entre particules sont emplis par les agrégatiofmié€es ou par les grains de limon ou sable.
Cette réorganisation engendre une réduction danelmacroscopique du sol qui, selon son

intensité, peut étre qualifiée d’'un effondrement.

Grosse agrégation
des grains de limon
liés par des argiles

Matrice de grains
propres de limon,
avec de liasons
argileuses distribuées
de maniére aléatoire

Gros pores entre
les agrégations

1.2.7 Aspects du comportement mécanique des sols non sas

Le comportement des sols non saturés est compl@xee part, il dépend de facon trés
importante de la nature du sol, en raison de setshe, comme évoqué plus haut. D’autre
part, la prépondérance de couplages d'origine hyu#oanique rend une identification
complete du comportement plus longue et plus d#fi@ réaliser. Afin de caractériser
précisément ce comportement, il est nécessairaafiobun ensemble complet de résultats
expérimentaux sur différents types de sol, en dénant des tests de compression et de
cisaillement le long de différentes trajectoirescdatrainte (Maatoukt al. 1995) a différents
degrés de saturation. Dans cette section, on régsr@incipaux aspects du comportement
mécanique des sols non saturés en insistant sualyse des effets de I'état hydrique (teneur

en eau, succion) sur les propriétés mécaniquesr(dabilité, résistance).
Comportement volumique

La réponse volumique des sols non saturés ne dgmendeulement des valeurs initiales et

finales de la contrainte nette et de la succiorrinielie ; elle est fortement influencée par les
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chemins intermédiaires de contrainte ou succiomrfgd et al. 1990). Des variations de la
succion peuvent provoquer de déformations volunsqgueéversibles (Josa 1988, Alonsb

al. 1990). Yonget al (1971) ont observé de déformations plastiques dior séchage d’'une
argile naturelle de faible activité. Jostal. (1987) ont détecté le méme phénoméne sur une
kaolinite legerement plastique. Certains sols rainrés peuvent présenter du gonflement ou
de I'effondrement suite aux variations de son Btalrique (Maswoswe 1985 sur une argile
sableuse compactée, Justal 1984 sur des échantillons compactés d’argilelgotd, entre

autres).

La Figure 1-9 (Matyas et Radhakrishna 1968), ol#grar mesures de variations volumiques
d’échantillons compactés au laboratoire et sountissacontraintes isotropes dans une cellule
triaxiale, montre les résultats obtenus quand hesnins ¢ — w, W — W,) sont tels que le
degré de saturatio§ est toujours croissant. Elle fourni une bonne ¢ sur l'influence
des variations de contraintes totales nettes etudeion sur I'indice des vides d’'un sol non

saturé, qui est défini dans ces conditions parsuniace d’état :
e= F(a—ua,ua—uw) (1-12)

Ces points se résument de la maniére suivanted®etaCui 2000b) :

- lallure de la surface montre, en comparant le dhate consolidation du sol saturé (1) a
celui a succion non nulle constante (2), dont latgpenoyenne est moins forte, que la
compressibilité diminue quand la succion augmerést-a-dire quand le sol est plus sec ;

- le chemin (3) a contrainte constante avec dimimutie la succion correspond a un
remouillage sous charge constante et la figureeptésun cas @ffondremen{cet aspect
est traité plus amplement dans une prochaine s@ctio

- le chemin (4) est caractéristique d’'un remouillageis contrainte nulle, qui se produit
avec augmentation de l'indice des vides et présent&gergonflement que I'on peut
relier au relachement de l'attraction exercée efdge particules du sol du fait de la
diminution de la succion. Ce léger gonflement smdpit également pour des contraintes
faibles ;

- le chemin (5) est obtenu quand le relachement deidaion se fait a volume constant et
son intersection avec le plaor ¢ u, €) donne la valeur de la contrainte de gonflement

dans ces conditions. En dessous de cette valeugmeuillage sous charge constante
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engendre un gonflement du sol (cf. chemin (4))-dessus, il engendre son effondrement
(cf. chemin (3)) ;

- un essai de compression a teneur en eau constansoldcompacté (chemin (6))
suffisamment sec voit la valeur de la succianu,) qui diminue tout en restant positive,

avec augmentation du degré de saturation (maid’pagulsion d’eau) ;

- si cet essai est prolongé, il est possible d’'ateida saturation avec passage de I'état de
succion a celui de pression positive avec expulsiomise en pression de I'eau, dans des

conditions de drainage nul ou imparfait.

€

@ Consolidation du sol saturé (v, - u,, = 0)

@ Compression en sol non saturé & succion constante
(3) Saturation sous charge constante

Gonflement sous charge nulle

@ Saturation d'un sol gonflant 4 volume constant

(&) Compression & teneur en eau constant

Figure 1-9. Surface d’'état= F(o— u, W — U, (Matyas et Radhakrishna 1968)

Les résultats des essais oedométriques réaliséBaaten et al. (1969) montrent ce
comportement sur des échantillons d’argile de égasticité. Rico et Del Castillo (1976) ont
observé l'influence de la succion a l'aide des Itésside tests de compression a 'oedometre,
réalisés par Wilson (1952) sur des échantillonsatde argileux compactés des cotés sec et
humide de l'optimum Proctor. Ces résultats montnem¢ compressibilité plus importante
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pour les échantillons humides que pour les échamsilsecs, bien que ces derniers soient plus

fragiles et se fissurent plus rapidement.
Effondrement et gonflement

L’augmentation du degré de saturation du sol ntur&éasuite a des variations des conditions
environnementales par exemple, peut produire udact®&n volumique irréversible sans
variation du niveau de la contrainte externe apiegy Ce phénoméne est connu comme
effondrementlu sol. Il est décrit plus en détail dans la secti.4 sur I'effondrement de sols

non saturés et spécialement du lcess.

Certains sols (gonflants) peuvent subir un procesigonflementd’'un ordre de grandeur
relativement grand lorsqu’on augmente sa teneure@am Ce phénomene correspond a
I'incrément du volume du sol di au remouillage soustrainte externe constante. En général,
on observe un gonflement dans les sols argileurtay@e forte plasticité et une densité seche
importante lorsqu’ils sont soumis a des contraieteernes faibles. Ce comportement est lié
principalement a la minéralogie du sol. Les solsteoant des minéraux argileux tels que
l'illite, la kaolinite, la montmorillonite (dont lamectite) ont une tendance a gonfler, ceci étant
beaucoup plus important pour la smectite, lorsquésnmet en contact avec de I'eau (Lambe
et Whitman 1959).

Le potentiel de gonflement dépend, entre autresré¢Ba 2002), des caractéristiques des
minéraux argileux (telles que la structure destamis et leur capacité d’échange cationique),
de la densité du sol (une densité seche plus fdotenera lieu a un gonflement plus

important), de I'état de contraintes (le gonflemesit plus grand sous faible contrainte), de la
structure du sol (une structure floculée a unearod plus grande a gonfler qu’une structure
disperse (Seed et Chan 1959)), du temps (les ggilsux sont trés peu perméables, ainsi le
processus d’humidification — gonflement peut duter semaines voire des anneées), de la
présence de sels qui diminuent la capacité d’éasagtioniques et ainsi le gonflement, et de

la teneur en eau (une humidité plus faible impligogootentiel de gonflement plus grand).

La contrainte externe contrdle I'ordre de grandgwrgonflement lorsqu’on soumet le sol a
une diminution de la succion..Pour les sols gomdlates cycles d’humidification et de
séchage produisent un gonflement irréversible (d&ition plastique) dans le premier cycle
d’humidification ; le comportement peut étre coeésél comme élastique pour les cycles
suivants (Yuk 1994).
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Influence de la succion sur le comportement avapture

La succion augmente la rigidité et la résistance stds, comme le rappellent Alonsbal
(1987). En réalisant des essais oedométriquesdifiésentes conditions d’humidité, Dudley
(1970) a observé l'augmentation de la contraintepltiestification avec la succion. Plus
récemment, différents programmes expérimentauxsésah I'appareil triaxial (dont Cui et
Delage 1996 et Geiset al. 2000) ont généralisé ces observations en mettaavidence un
élargissement de la zone élastique avec la su¢émouissage apparent lié a 'augmentation
de la succion) conforme avec les principales hys®#h du modéle BBM (Alonset al.
1990).

D’aprés les résultats de compression isotrope @@ucontrélée obtenus par Cui et Delage
(1996) sur le limon de Jossigny (France) compdeté&omportement volumique des sols

compactés est marqué par deux caractéristiquesmalas (Delage et Cui 2000b) :

- un comportement de type surconsolidé, avec uneaiotd limite (analogue a la pression
de préconsolidation) séparant un comportement pstastique raisonnablement
réversible d’'un comportement plastique, dont leewalaugmente avec la succion. Cette
contrainte limite est fonction de la contrainte atenpactage et de la succion appliquée

ensuite ;

- un raidissement avec l'augmentation de la sucgianticulierement dans la zone ou le
comportement est plastique, qui engendre une ditoimdes coefficients de compression

avec I'augmentation de la succion.

Dans la Figure 1-10, on présente les résultatsnabtau triaxial a succion contrélée sur le
limon de Jossigny par Cui et Delage (1996). Lesagtihons ont été compactés a I'optimum
(Wopt. = 18%). Les tests ont été faits pour quatre sascaifféerentes (200, 400, 800 et 1500
kPa) sous 50 kPa de contrainte de confinement.i®aree sur la Figure 1-10a que le module
de rigidité initial augmente avec la succion. Cd&edance exprime le raidissement de la
structure avec l'augmentation de succion et latdéson. Pour les succions supérieures a
400 kPa, des pics de plus en plus prononcés sa@anats, illustrant 'augmentation de la
fragilité du matériau avec la succion. Le compodsm volumique est initialement

contractant, puis d’autant plus dilatant que lagurcest élevée (Figure 1-10b)
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Figure 1-10. Courbes de cisaillement a une corigala confinement de 50 kPa sur le limon de
Jossigny. a) Effort-déformation; b) variations vaiques (Cui 1993)

D’aprés Geisert al. (2000), on peut analyser le comportement mécandpse sols non
saturés a partir des chemins de chargement isotsapanisotrope (cisaillement). Lors de
trajectoires de chargement isotrope, lI'incrémentadsuccion génere I'augmentation de la
contrainte de préconsolidation et la diminution ke compressibilité. Dans ce cas,
'augmentation de la résistance ne commence gsquan dépasse la succion d’entrée d’air,
méme si cela doit étre confirmé par des essaisriexpétaux.

Lors de trajectoires de cisaillement (chargemeisatiope) Geiseet al. (2000) ont remarqué

les aspects suivants du comportement :

- la résistance de pic augmente avec la succion gpedaGraham 1995, Geiser 1999); ceci
peut étre interprété comme un incrément de la éohégpparente en gardant constant

I'angle de frottement ;

34



Chapitre 1. Comportement des sols non saturés - égifiih aux loess naturels

- l'augmentation de la succion pourrait engendrer légere augmentation de la rigidité
élastique ;

- aux fortes succions, on pourrait observer des paitmificatives de la résistance (rupture
fragile) ;

- pour chaque niveau de succion, on devrait obsenverseule surface d’état critigue dans

I'espace de contraintgete—d.
Résistance au cisaillement et comportement a leurap

Bien que I'approche de Bishop présente différenigtp faibles dans la définition d’'un état
de contraintes effectives dans les sols non satilrpermet une interprétation du critere de

Mohr-Colomb en conditions non saturées :

r=co'tang'+c=[o-u, + x(u, —u,)|tang'+c'=

=(o-u,)tang'+ x(u, —u,)tang'+c (1-13)

Khalili et Khabbaz (1998) ont proposé une formutaiple paramétrey en analysant une
guantité importante de données de résistance aillansent pour différents niveaux de

succion et différents types de sols. (€ uw), représente la succion d’entrée d’air) :

ua - uw)b

Fredlundet al. (1978) ont proposé un critere de cisaillement médibasé sur I'hypothese

d’'une enveloppe de rupture plane dans I'esga¢g— U,), (Ua — Uw):

r=c'+(o-u,)tang'+(u, —u,)tang" (1-15)

Cette expression implique que l'angle de frottemgnest constant et indépendant de la
succion. Cette hypothese, souvent vérifiée, n’ependant pas toujours vraie. On voit sur la
Figure 1-11 que l'angle de frottement n‘augments fmajours avec la succion, comme le
montre le diagramme de la figure, qui regroupedssiltats obtenus par différents auteurs sur
divers sols : argile de Guadaliw(= 33%,lp = 13,6) (Escario et Saez 1986), sable argileux
de Madrid (v, = 32%,lp = 15) (Escario et Saez 1986), limon de Jossigmgpaxté av =

15,5% (v = 37%,lp = 18) (Delageet al. 1987), limon faiblement compacté de Trois-Rivieres
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(Ip =7, = 1) (Maatouket al. 1995). On observe une augmentation de I'angleatefent
pour les argiles et une diminution pour le limon.
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Figure 1-11. Variations de I'angle de frottemerg@ia succion

Dans la Figure 1-12, on observe que 'augmentatmita succion de 0 a 500 kPa renforce le
sol, avec augmentation de la cohésion apparerde Eangle de frottement pour une argile
rouge de Guadalix de la Sierra (Escario et Saef)19Bette augmentation de la cohésion
apparente a été aussi observée pour autres solmecam le présente dans la Figure 1-11.
D’aprés les résultats des essais de cisaillemaltisés par plusieurs auteurs (Fredlwtdal
1978, Gulhati et Satija 1981, Ho et Fredlund 1982edlund et Rahardjo 1985),
'augmentation de la succion génére une augmentaliola résistance au cisaillement, de la

cohésion apparente, et dans quelques cas, ded’dedtottement.

Contrainte tangentielle T (MPa)

T T T T T
] 0,1 0,2 03 0,4 0,5 0,6 0,7
Contrainte verticale nette g, - u, (MPa)

Figure 1-12. Résistance au cisaillement d'unelarguge de Guadalix de la Sierra (Escario et Saez
1986)
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L’angle ¢° quantifie 'augmentation de résistance avec lacismc sous contrainte nette
constante et correspond a l'intersection de laaserfplane caractérisant la rupture avec le
plan (c — u)) = 0. La Figure 1-13 (Escario et Juca 1989) priesdes contraintes de
cisaillement obtenues a la rupture sur I'argileGileadalix en fonction de la succion, chaque
ensemble de points correspondant a une contraietie mlonnée. On observe que les
enveloppes de rupture sont non linéaires, et guilune décroissance progressive de la pente
des courbes jusqu’a une valeur stable, atteintefaties valeurs de succion (> 8 MPa). La
résistance peut atteindre une valeur maximale avaleur de succion déterminée et puis
rester constante ou descendre a des succionsoptas.fCes variations de I'angi8 avec la
succion sont illustrées par la Figure 1-13 (Escatiduca 1989). L'angle des courbes avec
I'axe vertical, a succion nulle, est égal a I'and&efrottement a I'état satug. On note que

#° doit théoriquement étre égalgaa succion nulle.

£ 14 :

312_ ! g, - u,=06MPa
o i

g , 0.3 MPa
S 0,8- :

o JI 0,12 MPa
2 i

: e :

E 0,2/ tan ¢' = 0,636 !

B I

& 0 T T T T T T T
(vl 0 2 4 6 8 10 12 14

Succion s = u, - u,, (MPa)

Figure 1-13. Lieux des points de rupture dansde jl, — U, Zmay. TeSts sur l'argile rouge de
Guadalix (Escario et Juca 1989).

1.2.8 Couplage hydromécanique

Pour décrire complétement le comportement des rsmfs saturés, différentes variables et
relations entre celles-ci doivent étre identifiéBal coté hydrauligue on a la courbe de
rétention d’eau qui relie la teneur en eswa la succions dans le sol. Cette courbe peut
changer avec des variations de volume qu’on mgsutét a l'aide de l'indice des vides

Du coté mécanique les variations du degré de saturation peuvenerahgr de grands
changements dans la réponse mécanique, dont laressifflité et les comportements avant
et aprés la rupture. D’aprés Jotisankesal. (2009), la majorité des études théoriques sur le

comportement de sols non saturés ont évolué a phrtcadre élastoplastique proposé par
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Alonsoet al. (1987), et développé d’avantage par les travadodsoet al. (1990), Wheeler

et Sivakumar (1995), Maatoudt al. (1995) et Cui et Delage (1996). L'idée centralecde
modéle constitutif consiste en la définition d'unaface de charge appelée "loading collapse"
(LC), gu’on peut obtenir a partir d'une série dassde compression obtenues a succion
constante, et représentées dans un espace du vepguique en fonction de la contrainte
moyenne nette et de la succion. Dans ce contertsuppose que la compression plastique
associéee a I'effondrement par remouillage et dedeea I'application d’une contrainte externe
sont des processus similaires. Ainsi, ces procepsusent étre décrits avec une unique
surface de charge (LC). Cette hypothése a éténtegeconfirmée par la suite. On peut citer
les résultats récents de tests oedométriques amngals la succion sur une argile limoneuse

compactée, réalisés par Jotisanketsa. (2007).

D’autre part, la relation entre la succion et laeter en eau (appelé@urbe de rétention
d’eau) a d’abord été ignorée en mécanique des sols atmés, que ce soit au niveau des
recherches expérimentales ou de la modélisatiostitative. En effet, seul I'effet de la
succion dans la réponse mécanique avait été prisompte pendant une longue période
(Vaunatet al. 2000). On supposait que la courbe de rétentiotaih’@écessaire que pour la
modélisation des phénomenes d’écoulement (de ede I'air) dans le réseau poreux du sol.
Il est ainsi regrettable que la courbe de rétenthmit considérée comme une partie
complémentaire de I'étude du comportement mécanigaieelle contient des informations
précieuses sur I'influence de la distribution deeau poreux dans le comportement du sol.
Dailleurs, la courbe de rétention d'eau est claeat dépendante de la trajectoire des
contraintes appliquées, montrant une réponse l&yistée importante. Ce phénoméne
d’hystérésis a une grande influence dans le compamt mécanique, car il est lié a la
distribution de I'eau dans les pores du sol, et afecte directement la réponse mécanique du
sol (Wheeler et Karube 1996).

Les premiers efforts vers des descriptions plusptéras du comportement des sols non
saturés ont démarré dans les années 70 (regandealatulatif réalisé par Wheeler et Karube
1996). En adoptant la contrainte moyenne nette- (1) et la succion matricielleuf — uy)
comme variables d’état, il a été proposé de dé@immportement hydromécanique a partir
dessurfaces d'étapour les sols non saturés. Celles-ci décriventoliéion de I'indice de
videse et du degré de saturati@ (ou la teneur en eam) avec la contrainte moyenne nette et

la succion matricielle (Vaunait al. 2000).Le premier modéle capable de décrire lescisp
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irréversibles de la réponse volumique des sols satarés a été formulé par Alonsb al.

(1990) dans le cadre de I'élastoplasticité. EnsWfbeeler et Sivakumar (1995) et Wheeler
(1996) ont proposé un modeéle élastoplastiqgue anééliequel prend en considération les
variations de la teneur en eau. Dans le méme teBgrbpur (1998) a proposé des relations
entre la courbe de rétention et d'autres propriétéassol (résistance au cisaillement,

perméabilité et conductivité thermique).

Le développement des nouvelles techniques expétatesna permis la validation d'autres
analyses constitutives a partir des données olterae laboratoire. Ces avancées
expérimentales ont permis une mesure plus prées@changes d’eau pendant le chargement
(e.g. Rampinoet al. 1999). Des études expérimentales ont égalementéélisées afin
d’analyser la dépendance de la courbe de rétedtemu sur la structure du sol, le niveau de

contraintes et I'histoire de contraintes (e.g. \fmlhet al. 1999).

Difféerents ensembles relativement complets de t&sulexpérimentaux décrivant les
couplages hydromécaniques dans les sols non satntéété présentés, entre autres, par
Wheeler (1996) a partir d’essais de chargememntoiget par Rampinet al (1999) a l'aide de
tests de compression et cisaillement au triaxel,@henet al. (1999) sur la base de tests de
compression isotrope et du retrait, et par Ng egR2000) a partir de cycles de remouillage
et de séchage a l'oedométre. Romero (1999) a péskrs cycles de remouillage et de
séchage, faits en paralléle avec de trajectoireshdegement et déchargement a 'oedometre.
Ces résultats ont montré un comportement couplé tgponse volumique avec les variations

de la teneur en eau dans des argiles non saturés.

Babour (1998), Romero (1999) et Vanapaii al. (1999) ont souligné deux mécanismes
contrblant le stockage de I'eau dans un sol. Lengremécanisme est principalement associé
a I'écoulement d’eau libre a I'intérieur des maangs. Le deuxieme est lié a I'adsorption de
leau au niveau intra-agrégat, quand il existe. dimmue le deuxieme mécanisme est
considéré comme indépendant de la structure a@aumir@croscopique, le premier est couplé
avec la réponse du sol lors de sollicitations migeass. Les résultats expérimentaux, obtenus
par Wheeler (1996), Rampirat al. (1999) et Romero (1999), montrent que les chang&ne
volumiques irréversibles de la teneur en eau sor@ conséquence de la déformation
volumique du squelette du sol. En parallele, Itirgt des cycles de remouillage et de séchage

du sol peut affecter I'’évolution des déformatioméversibles (Cheat al. 1999).
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1.3 Le Lecess

Le lcess est un dépdt limoneux éolien, transpomé das conditions périglaciaires et déposeée
dans des environnements froids de steppe, aux mdegenappes glaciaires importantes du
Quaternaire, principalement autour du paralleleNs@1’'hémisphére Nord. Il existe quelques
dépbts aussi en Amérique du Sud. La Figure 1-14s{P¥90) présente la localisation des
dépdbts de lcess dans le monde; les régions enI)aiofrespondent aux dépbts laessiques et
celles éoliennes du type lcessique en gris (2).e@irbuve sur des plateaux, des pentes et de
grands bassins alluviaux. Des épaisseurs jusquan3@nt été observées en Chine dans le
"Plateau de Loess". Des dépots existent aussi @apkateau de Sibérie (Russie), dans les
bassins des rivieres du Danube, du Rhin et du B&iggi (Amérique du Nord) et aussi dans
la Pampa (Argentine) (Delage al 2005).

Figure 1-14. Dépébts lcessiques dans le monde (P@@e)

Le processus typique de formation d’'un dép6t loeeséplien est resumé dans la Figure 1-15.
D’abord, des particules fines produites par abragiaciaire sont lavées, transportées par des
courants proglaciaires et redéposées preés des sdgpéexistants de moraine (plaines

alluviales proglaciaires). Ensuite, des particessable, limon et argile sont soumises aux
cycles de gel et dégel. Elles sont érodées etpoatges par I'action permanente des vents

froids et secs. Ces vents sont créés par les haptgesions existant au-dessus des calottes
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glaciaires. Puis, les particules de sable, plusdga et lourdes, sont déposées en premier sous
la forme de dunes et en couches superficiellesuitendes particules de limon et d’argile sont
transportées vers des zones de basses pressi@ms hetute atmosphere. Finalement, ces
particules fines sont déposées suite aux changsrokmatiques : décroissance de la vitesse
du vent, présence d’'un obstacle, capture par l@taign herbacée ou couverture de neige
(Antoine 2002).

Hautes pressions Transport vers une atmosphére plus haute
\_} \ et aux zones de basses pressions
\Culo’cte

Plaines alluvigles
preqglaciaires. Déflation

Zone de A
glaciaire Ercsion par des wents couverture Tt

- froids, viclents et =ecs  des saobles
ii‘l; ‘\\_\__;

w
taraine ‘/

Substrotur

Figure 1-15. Processus de formation des loess @bafmdersen et Borns 1997 cité par Antoine 2002)

Le lcess est principalement composé de particuléisnda de taille d’environ 5 a 80 microns

et d’'une fraction assez importante d’'argile. Oruve des minéraux argileux tels que la

smectite, la vermiculite, la kaolinite et une failproportion d’illite et chlorite (Lautridou

1985). La fraction des composants biologiques ¢€psll mollusques, restes de

microorganismes) montre I'action d’'une ambiancedizade steppe (Antoine 2002). D’aprés

différents chercheurs (Smalley 1971, Jamagnhal. 1981, Lautridou 1985, Pécsi 1990) le

loess est caractérisé par :

- une structure homogene et poreuse,

- l'absence de stratification,

- une abondance de particules limoneuses d’envirgm8d’argile (15 — 18%), et de sable
(< 2%),

- la présence de carbonates,

- une prédominance de minéraux comme des grainsatezqa70%), de fer (1,5 - 2%) et
de carbone d’origine organique (0,2%).

D’aprés Pécsi (1990), “Loess is not just the acdatian of dust”. Les dépdts leessiques ont

été soumis a des transformations diagénétiques épi@depot initial, avec en particulier une
cimentation due a la dissolution et a la repréafjmh des particules calcaires primaires et un
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phénomene d’illuviation de la couche superficigljgi, en devenant plus argileuse di a
I'action de la pluie et au transport de particuiees en surface, empéche I'écoulement de
'eau de pluie depuis la surface jusqu’aux couckffsndrables et non saturées. D’aprés

Becze-Deaclet al (1997), d’autres caractéristiques importantekeks sont :
- l'orientation aléatoire des grains,
- la présence de liens argileux entre les partidiresneuses,

- la distribution hétérogéne de revétements argiteutes grains de limon.

1.3.1 Lelcess de Bapaume

Des grandes étendues de dépdts lcessiques sonsdesabu Nord de la France. Certains
niveaux de ces dépdbts sont non satumésitu car protégés des actions climatiques par une
couche supérieure rendue imperméable par illuviadb contenant une plus forte quantité
d’'argile, elle-méme recouverte de sol végétal. Gdament, ils ne présentent pas de
probléemes de stabilité. Néanmoins, certains sitésemtent des caractéristiques particuliéres
telles qu'une grande fraction de carbonates et ablek densité et plasticité. Ces
caractéristiques rendent le lcess sensible a I'dfeanent lorsqu’on change son état hydrique
(Delageet al. 2005). Il existe plusieurs sites dans le Nord ad-tance ou l'on trouve a
guelques meétres de profondeur des couches horigsntle grande extension ayant ces
particularités (Antoine 2002). Lors d’'une explooatiréalisée dans la région de Bapaume
(Picardie) en octobre 2007, on n’a toutefois paseol® de nappe phréatique dans une
excavation de 5 métres de profondeur, malgré Ieesrécipitations caractéristiques de ces

régions.

Des problemes de tassement le long de la ligne Nordirain & Grande Vitesse (TGV), qui
relie Paris a Bruxelles et a Londres, ont été atéselors de périodes de pluie intense (€ui

al. 1995, Cuiet al. 2004). Cette ligne traverse de grandes extenslerisess. Il semble que
lors des travaux de construction, des couches de &®nsibles a I'effondrement aient été
exposees aux conditions climatiques externes (éapn, séchage, infiltration d’eau), apres
le retrait de la couche végétale superficielle. Mispart I'effet possible des cavités
souterraines artificielles et de tranchées cortssypendant la premiére guerre mondiale, la
sensibilité a I'effondrement du loess dans cetteorég@st apparemment une des causes
privilégiées des probléemes de stabilité observéésng de cette ligne (Cet al. 1995, Cuiet

al. 2004, Delaget al.2005).
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e

Les dépots leessiques du Nord de la France onbat@$ sous des conditions périglaciaires
pendant la période Quaternaire (25 000 - 15 00Casast J.C.). lls ont été déposés sur des
formations de craie et dépbts alluviaux, suite processus de transport éolien de particules
de limon, provenant du front glaciaire situé a ¢gpe dans le Canal de la Manche (Antoine
2002, Antoineet al 2003, Delagest al. 2005). Les principales formations calcaires dans la
région correspondent a la période PléniglaciaireicWéel Supérieur. La région est ainsi
caractérisée par une couverture lcessique contihusulecontinue ayant une épaisseur
comprise entre 3 et 8 metres et une relative homatge Les dépbts plus importants de lcess
se localisent dans la vallée de la Basse-Seines lgabassin de la Somme et au nord entre
Lille et Bruxelles (Antoine 2002, Antoiret al. 2003).

La Figure 1-16 (Antoine 2002) montre I'extensiors dpodts lcessiques dans le Nord de la

France.
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Figure 1-16. Localisation des dépdts lcessiquesldamsrd de la France (d’aprés Antoine 2002)

Les fleches dans la Figure montrent la directios fdents de vent en direction Sud-Ouest et
Nord-Ouest qui ont été a l'origine de la formatibes dépodts actuels. La ligne du TGV Nord
est représentée dans la figure par la ligne a disuee. Le rectangle en noir sur la ligne de
TGV, entre Amiens et Lille, représente la zone atambservé les problémes de stabilité les
plus importants. Les dép6ts de lcess sont locadistese la Normandie (France) et la région de

Bruxelles (Belgique). On les trouve aussi dang kiesla région parisienne sous I'appellation
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“Limons des plateaux” (Audric 1973). Dans la plupdes cas, ces dépots sont naturellement
non saturés et trés favorables pour I'exploitatigmicole. Les aéroports d'Orly et Roissy -
Charles de Gaule, au sud et au nord de Paris tesgaent, sont aussi situés sur ces dépots
loessiques (Audric 1973)

Description du matériau

Le site considéré est situé dans la vallée de lan®®a 11 km de la riviere, dans un endroit
proche de la ville de Bapaume (Pas-de-Calais, Ejahors de la visite effectuée en octobre
2007, on a localisé un terrain adjacent a la lignelfGV. Afin de caractériser les propriétés
physiques et mécaniques du matériau, plusieurssbidacts de loess ont été prélevés a 4
profondeurs (1,0 m, 2,1 m, 3,3 m et 4,7 m) lor¢adetalisation d’une excavation de 5 métres
de profondeur. Ensuite, ces blocs ont été isoléstégés de I'évaporation par application
d’'une couche de paraffine et enveloppés dans om gibstique. A partir des échantillons
taillés dans les blocs intacts, on a obtenu leprgtes physiques et géotechniques du

matériau (Tableau 1-3).

Profondeur | 1m 21m| 3,3m| 4,7m
Teneur en eau naturell®,(%) 14,0 14,9 17,0 20,4
Indice de vides natured, 0,84 0,79 0,60 0,60
Masse volumique séchg, (Mg/nr) 1,45 1,50 1,67 1,66
Degré de saturation natui®l(%o) 46 50 76 87
Succion naturelle (HTC) (kPa) 40 - 49 -
Pourcentage d'argiles (% <.2n) 16 18 25 25
Limite de plasticitéy, 19 21 21 21
Limite de liquidité,w, 28 30 30 30
Indice de plasticitd,, 9 9 9 9
Teneur en carbonates, (%) 6 9 5 5
Contrainte verticale totale in sita),c(kPa) | 16 42 70 95
Effondrement (%) sous’ o 7,5 - 6,3 -

Tableau 1-3. Caractéristiques géotechniques dil drofoess de Bapaume

Le lcess étudié a une composition relativement hemegavec une couleur jaune grisatre. Il
s’agit d’'un matériau trés poreux ayant une fractioportante de carbonates (jusqu’a 18% de
CaCO03) ; il peut aussi exister localement des desntalcaires (Delaget al. 2005). L'indice

de plasticitélp est constant dans tout le profil et égal a 9. ¢@msches supérieures sont en

44



Chapitre 1. Comportement des sols non saturés - égifiih aux loess naturels

condition non saturées(= 46% a 1,0 m et 50% et 2,1 m). Les couches plofpdes sont
proches de la saturation. Dans ce travail, onlsétiles échantillons de lcess de la couche 1
(1,0 m), car celui-ci s’est révélé présenter laspiirande susceptibilité a I'effondrement
d’apres des observations expérimentales initidles études sur la totalité du profil ont
€galement été menées, avec notamment une analysdasgie d’effondrement sous

sollicitations cycliques (Karam 2006, Yaagal.2008, Karanet al. 2009).

La distribution granulométrique du lcess étudié (m)0est présentée dans la Figure 1-17. Les
fractions de sable, de limon et d’argile sont deB2,et 16% respectivement. D’apres la
classification de Casagrande, le lcess est clagsgedCL ou limon argileux.
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Figure 1-17. Distribution granulométrique du lcesBdpaume (France)
Les minéraux argileux dominants dans le lcess sokadlinite, l'illite et un ensemble inter
stratifié d’illite et de smectite (Cui et Marciad@3).

1.4 Le phénoméne d’effondrement

Le phénomeéne d’effondrement est typiquement assexésols de faible plasticité et non
saturés, bien qu'il puisse étre aussi observé dansols saturés soumis a de sollicitations
mécaniques. Lieessa tendance a subir ce phénomene du fait de sastéastiques spéciales
telles gu’'une condition in situ non saturée, unbléadensité totale, une cimentation faible
composée de carbonates ainsi qu’une structurecplgte. La structure du loess est

caractérisée par un indice des vides élevé etrangegment instable des particules (Eual
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2004, Delageet al 2005). L'une des causes principales de I'efforrdnet dans les sols
loessiques est 'humidification subite du sol s@uedntrainte naturelle in situ. Ce phénomene
a été décrit depuis longtemps dans les régionesaf@udley 1970).

Les sols non saturés ayant une structure natléelle ont tendance a s’effondrer lorsqu’ils
sont soumis a une augmentation du degré de satur@tioltz 1948, Jennings and Knight
1957, Burland 1961, Jennings 1961, Knight 1961, &dag 1961, Jennings et Burland 1962,
Lucaset al. 1964, Jennings 1965). Ce processus entraine lanwdion de la valeur de la
succion initiale et une compression volumique ieréible. Le risque et l'intensité de
I'effondrement sont associés a I'amplitude des reantes appliquées et a la valeur de la

succion initiale. Ces conditions changent d’unasbéutre.

Typiquement, lintensité de I'effondrement augmeldesque la contrainte de confinement
croit (Jennings et Knight 1957, Blight 1965, Bardsnal. 1969, Dudley 1970, Erol et El
Ruwaih 1982, Yudhbir 1982). Néanmoins, Yudhbir @& observé que lintensité de
I'effondrement atteint sa valeur maximale a uneti@dnte donnée, puis cette intensité décroit
méme si la contrainte continue a augmenter. Cetlieuy maximale varie par rapport au type
de sol et aux conditions initiales. Une fois satdi&chantillon effondré suit, de maniére
approximative, la trajectoire contrainte-déformataiun échantillon initialement saturé sous
compression (Jennings et Knight 1957, Erol et EN&hb 1982, Maswoswe 1985).

1.4.1 L’effondrement lié aux caractéristiques spécialesebk dépots laessiques naturels

Des problemes d’instabilité des dépbts loessiquéstt@nobservés par divers auteurs dans
différentes parties du monde (Li 1995, Huang 20@&jer 2008, Nouaourigt al. 2008,
Punrattanasin 2008, Whalthall et Duffy 2008, YudanWang 2009). L’effondrement des
dépbts loessiques est principalement dO a I'humatifin des dépdts et la chute
correspondante de la succion, mais on cite égalemieers phénomenes tels que les
mouvements sismiques (Yuan et Wang 2009), le chaege statique d( aux constructions
(Meier 2008), le chargement dynamique dU au pasdagetrains (Cuet al. 1995, Karam
2006) et la décongélation des dépbts leessiquesnH2®H08) localisés en zones de

pergélisols.

La difficulté de prévoir I'effondrement est lieeiqripalement a la connaissance insuffisante

des propriétés du lcess dans I'état naturel. Dampdulgart des cas, le loess a une tres faible
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résistance associée a une structure meétastabla @tué/ang 2009). Il y a aussi une faible
connaissance de la relation entre les variationdadieneur en eau et le comportement

mécanique.

Houston (1995) a observé de nombreuses causes idifioation telles que, la rupture des
conductions de réseaux résidentiels, canaux owersgst d’arrosage (Walsét al. 1993),
I'écoulement superficiel et les systémes déficietds drainage (Walstet al. 1993), les
recharges de l'eau intentionnelles ou non (Shmuel@05), I'ascension du niveau de la
nappe phréatique (ElI Nimet al. 1995), I'endiguement de l'eau di aux chantiers de
constructions (Kroppt al. 1994, Noorany et Stanley 1990), et les processutisadsfert d’eau
dus a la capillarité ou aux isolations thermiquéimménez-Salag995). Li (1995) a observé
des phénomeénes d’effondrement sur des dépots lwessém Chine lors du remplissage des

retenues d’eau.

D’aprés plusieurs auteurs, le risque d’effondrengeniicess est lié aux conditions suivantes :

- les propriétés de base, y compris la minéralogieteheur en argile, la forme et la
distribution des pores dans le sol, la cimentatiotergranulaire et les propriétés
électromagnétiques de I'argile (Gatial. 2004) ;

- unindice de plasticité faible (Delageal 2005) ;

- une porosité importante qui correspond a une strectuverte (Bardeet al. 1973) ;

- une condition non saturée liée a une valeur éldeériccion (Bardeet al. 1973) ;

- une structure spéciale susceptible de se dégr&th@nét al. 2007), caractérisée par une
densité faible et une cimentation peu importanteeegrains limoneux (Bardeat al.
1973, Pereirat al. 2008) ;

- une sensibilité a 'humidification : des qu’un dépi@ loess est sec, sa résistance est plus

importante, mais suite a une saturation subite sbagge, le sol peut perdre sa stabilité et
s’effondrer (Mitchell et Soga 2005, Hormdee 2008).

Différents auteurs ont proposé des études expétaiesnafin d’analyser I'effondrement des
dépbts loessiques dans de nombreux sites dans erpanle biais d’essais d’effondrement a
'oedometre (Jennings et Knight 1957, Cui et Mdr@@03, Nouaouria 2008, Whalthall et
Duffy 2008), de tests de caractérisation du risdiegfondrement (Hormdee 2008, Meier
2008, Punrattanasin 2008, Whalthall et Duffy 20@#)Ja caractérisation microscopique (Cui
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et Marcial 2003, Meier 2008) et d’essais plus ssiuiés comme l'essai triaxial statique

(Shaoet al.2007) ou des essais triaxiaux cycliques (Karan6200

Karam (2006) a effectué des essais de chargemanrtatrcyclique sur un profil de loess
prélevé a quatre profondeurs différentes (1,2 n2;n2; 3,5 m et 4,9 m) dans un site proche
de la ligne nord du TGV a Beugnatre, en Francaolbservé le phénoméne de liquéfaction dd
au chargement cyclique sur des échantillons satpr®venant de toutes les profondeurs
étudiées. De plus, il a observé que le sol a 2,20lentaux de résistance cycliqug,{o'¢) le

plus faible, de I'ordre de 0,3, qui est inférieurtaux de chargement cyclique appliqué par le
train, qui est de 0,4, ce qui signifie que si &€ &®,20 m se trouve dans un état saturé, la
frequence de circulation normale du TGV nord sufiitur le liquéfier. Mitchell et Soga
(2005) ont remarqué la possibilité de liguéfactaes dépodts saturés de locess pendant des

tremblements de terre.

Jennings et Knight (1957) ont proposé le "test dubte oedométre” pour étudier le risque
d’effondrement des sols non saturés. Celui-ci asélsur deux types d’essais oedométriques.
Le premier test est réalisé a la teneur en eatalmien condition non saturée. Pour le
deuxiéme, on humidifie I'échantillon sous une cleafixe et on suit le chargement en
condition saturée. Dans certains cas, I'humidiftcatdu sol produit des changements
importants du volume total. Ce processus impligue perte de la résistance du sol, car pour
la plupart des sols non saturés, la résistance anigntiorsque le niveau de saturation diminue
et la valeur de succion augmente. Matyas et Radimazk(1968) ont élargi les essais a
différents niveaux de succion en observant des oaieqments similaires sur des échantillons

de limon compacté.

Knight (1963) a proposé une méthode pour analyserisque d’effondrement basée sur
'humidification sous une contrainte verticale d®02kPa d'un échantillon de sol
préalablement chargé a sa teneur en eau naturellexitere est basé sur le pourcentage de
déformation verticale obtenu. La susceptibilitéeffdondrement est présentée dans le Tableau
1-4.

D’autres méthodes pour analyser la susceptibilit&ffondrement ont été développées par
divers auteurs a partir des propriétés géotechnidaehase. Gibbs et Bara (1962) ont proposé
un critére basé sur les valeurs de la masse volgrggchey, et de la limite de liquiditév,.

D’aprés ce concept, les sols ayant une densitéefaibune limite de liquidité basse sont
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susceptibles de s’effondrer. Ce concept est présiarts la Figure 1-18. Huergbal. (1989)
ont présenté divers criteres d’évaluation de l'effi@ment. lIs sont décrits dans le Tableau
1-5.

Déformation d’effondremen Risque
(%) sousa;, = 200 kPa
0-1 Non Effondrable
1-5 Légérement Effondrable
5-10 Effondrable
10-20 Tres Effondrable

Tableau 1-4. Critére de Knight (1963)

1.7
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Figure 1-18. Critére d’évaluation du risque d'effeement proposée par Gibbs et Bara (1962)

Auteur Critére Expression
Denisov (1951) K, < 075 K, = ?
Priklonskij (1952) W, =W, <0

_ (Wnat/ Sr(nat) ) - Wp
Feda (1966) K. > 0,85 etSay > 0,6 K. =T

P
d=K(n-40)(30-w,,), ou :

Stephanokk et Estimation quantitative de | K = 0,08 pour loess argileux ;
Kremakova (1960) I'effondrement K = 0,05 pour lcess avec une faible

fraction d’argile

&y, - indice des vides correspondant a la limite deitiité ; €, : indice naturel des vides ;
W, : limite de plasticité w,,, : teneur naturelle en eal§; ., : degré naturel de saturation ;

|, : indice de plasticité n : porosité

Tableau 1-5. Critéres d’évaluation du risque d'efficement
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1.4.2 Caractéristiques de la structure

Le sol, généralement assimilé a un milieu contimusdu’il est étudié a I'échelle
macroscopique, est composé de trois phases : @y et la phase solide constituée de
particules de tailles variables. La résistancgydanéabilité et la compressibilité du sol sont
étroitement liées a la taille et la forme des patés, a leur organisation et aux forces agissant
entre elles. Le terme anglaifabric est défini comme I'assemblage des particules
individuelles, des groupes de particules et duemifporeux. Quand on considére également
les forces inter particulaires (forces d’interastiphysico-chimiques dont la cohésion
apparente, la frottement, la dilatance, la cémemtatu I'endurcissement dd a la succion), on

parle destructuredu sol (Mitchell et Soga 2005).

A partir d’observations au microscope électroniquelayage (MEB) sur des échantillons de
loess Cui et al (2004), Delageet al. (2005), Yanget al. (2008) et Karanet al. (2009) ont
remarqué que la structure est composée d’agrégadigiieuses avec un assemblage principal
de grains limoneux (environ 20 — gth de diametre). Cette organisation est irréguliése il

y a des domaines dans lesquels les grains limosenk propres, c'est-a-dire sans présence
d’argile. De cette facon, I'effondrement pourrditeédl a la présence de domaines avec une
structure ouverte, pauvrement cimentée et aveaatedg pores (environ 2m de diametre

moyenne).

D’apres Dudley (1970), les grains de limon soneagsés avec des matériaux de contact, tels
gue l'argile, ou avec des forces de liaison impuda dues a la succion ou a la cimentation.
Lorsque le phénomene d’humidification se prodas, atériaux de contact absorberont de
'eau, menant a leur affaiblissement mécaniquelaauccion dans les matériaux de contact
va diminuer (éventuellement jusqu’a zéro). Néanmadieffondrement peut étre da aussi a la
rupture des liaisons cimentées, lesquelles peugeet affaiblies par I'humidification et

brisées si la contrainte mécanique est suffisamgramide.
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Chapitre 2. Propriétés de retention d’eau
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2.1 Introduction

Les propriétés de rétention d’eau peuvent étreyaéas par des méthodes expérimentales de
contrble ou de mesure de la succion. Dans ce traraa utilisé deux techniques desure

de la succion : la méthode du papier filtre etdleastométre de haute capacité développé au
laboratoire CERMES et décrit dans Mantho (20053 @tet al. (2008). Les mesures ont été
faites sur des échantillons intacts du lcess de lBapaextraites manuellement sous la forme
de blocs, lesquels ont été soigneusement encaida@ssde boites plastiques, couverts par
une couche de paraffine et finalement enveloppés de film plastique. Ceci a été fait afin
d’éviter I'évaporation et ainsi de changements si@ddles dans I'état hydrique in-situ.. A
I'issu des nombreuses mesures de la succion olg@ntiavers de plusieurs cycles de séchage
- remouillage, on a obtenu la courbe de rétentieawddu lcess. La description des techniques

expérimentales ainsi que l'analyse de la courberéention d’eau a partir des études
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préliminaires de la microstructure (porosimétrig parusion de mercure, observations au
microscope électronique a balayage) constitueptdeniére partiedu chapitre. Cette étude a
été publiée dans la revi&eotechniquel’article étant reproduit ici dans sa versiongarale

en anglais.

Une analyse plus approfondie de la relation erdse dropriétés de rétention d’eau et la
microstructure du lcess est exposée dankelxieme partiglu chapitre. Cette seconde partie
correspond a un article en anglais prét a soumeé#ing un journal international. Cette étude
est basée sur des observations microstructuraéis@es sur des échantillons intacts de lcess,
extraits a différents points d’une trajectoire delege -remouillage et a différentes teneurs en
eau. Les résultats de ces analyses ont permisop@g®r une approche théorique permettant
de modéliser les branches de séchage et humidbificde la courbe de rétention d’eau. Cette

approche est basée sur le modéle d’hystérésis ggqum Rojas et Rojas (2005).

2.2 La courbe de rétention d’eau

L’étude des propriétés de rétention d’eau du loesBapaume fait suite aux problémes de
tassement des dépbts de fondation de la ligneralgratesse (LGV Nord), observés lors de
périodes de pluie intense. De nombreuses mesurassia®on ont été faites a l'aide de la
méthode de papier filtre et d'un tensiométre deidaapacité, développé lors de précédents
travaux au laboratoire UR Navier — CERMES. Ces messwnt permis de caractériser la
courbe de rétention d'eawdu lcess de Bapaume. Du point de vue des méthodes
expérimentales, et de la méthode du papier fitr@agticulier, les résultats montrent qu’'une
méthode alternative, proposée par Parcevaux (16B8@pnsistant a utiliser une piece de
papier filtre initialement humidifiée, peut étresmien ceuvre avec des résultats comparables a
ceux obtenus par la méthode classique du papiex {Btandardisée par 'ASTM (2003)) et

ceux mesureés par le tensiomeétre de haute capacité.

La courbe de rétention d’eau obtenue montre unendoparticuliére, caractérisée par
'absence d’hystérésis autour de la teneur en aetwralle (v = 14.4%) et par deux boucles
d’hystérésis de part et d’autre de la teneur ennadwrelle. On suppose que cette zone sans
hystérésis correspond a la plage des variationsrellts de la teneur en eau liées aux
changements saisonniers et correspondant a une gya®rauccions naturelles variant entre

20 et 80 kPa, bien que ceci doive étre vérifié gas mesures in-situ. On a étudié la
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microstructure du loess a partir d'observations acrascope €lectronique a balayage et de
porosimétries par intrusion de mercure. La fractiogileuse (16%) semble étre distribuée de
facon hétérogéne, avec notamment des zones cormspdségains de limon propres et d’'un
réseau de pores intergranulaires bien hiérarciiséontrario, les agrégats argileux sont

caractérisés par de pores de plus petite taille.

D’aprés la courbe de rétention calculée a partiladeourbe porosimétrique (obtenue par
intrusion de mercure), on observe que les progrid& rétention d’eau sont principalement
gouvernée par des phénomenes capillaires dans llss goands pores, tandis que les
phénomenes d’adsorption dans les argiles devienplest importants dans les plus petits

pores. Il semble que cette derniere zone soitggusible a des changements de teneur en eau.

Certains aspects de la microstructure et leursiosakavec les propriétés de rétention d’eau

pourraient étre utilisés dans la modélisation dedarbe de rétention d’eau du lcess. Cela

devrait inclure:

i) les effets indépendants (1) des pores intergrameglat inter-agrégats et (2) des pores
intra-agrégats dans la fraction argileuse ;

i) les changements de la microstructure pendant lds<y’humidification et séchage, ou,
plus largement, lors de changements hydromécaniques

iii) les mécanismes qui contrblent le transfert d’etnaers les réseaux complexes de pores

qui caractérisent les sols naturels.

Ces études ont été publiées dans un article daegsuaGeéotechniquequ’on présente ensuite

dans sa version originale en anglais.
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Mufioz-Casteblanco, J., Pereira, J.M., Delage, Bu&Y.J. (2011)GéotechniquéAccepted for publication)
The water retention properties of a natural unsatuated loess from Northern France
J. A. Mufioz-CastelblancpJ. M. Pereirg P. Delageand Y. J. Cui

The water retention properties of a natural loessifNorthern France were investigated on
intact block samples that were excavated alongla $peed train line (TGV) that experienced
stability problems during heavy rain episodes. Buacneasurements were made by using the
filter paper method and an in-house constructeth legpacity tensiometer (HCT) so as to
determine the water retention curve of the loedse Tesults showed that an alternative
approach using a previously wetted filter paperladruitfully be used with suction values
reasonably compatible with the HCT measurements.

The water retention curve obtained exhibited a lc@iorm with no hysteresis observed
around the natural water content (14.4%) and twstdmgsis loops on both the wet and dry
sides of the curve. It is hypothesized that thisezavith no hysteresis corresponds to the
natural variations of the water content under sealsochanges, providing a range of natural
suction between 20 and 80 KPa and noted that thauld be checked by in-situ
measurements. The loess microstructure was inegstigby using scanning electron
microscope and mercury intrusion porosimetry. ppegred that the clay fraction (16%) was
not uniformly distributed with some areas composédclean grains and a well graded
corresponding inter-grains pore population. Corelgrsthe clay aggregations define a
smaller sized porosity. The calculation of a wagention curve derived from the pore size
distribution curve showed that water retention aseyned by capillarity in the largest pores
between clean grains whereas clay adsorption bexaomminant in smallest pores, a zone
where the microstructure is sensitive to changeater content.

KEYWORDS: Loess; water retention; microstructure

Introduction

Widespread aeolian loess deposits are located ith&lo France (Antoinet al. 2003, Cuiet

al. 2004, Delageet al. 2005). In most areas, they are naturally unsadranhd characterised
by satisfactory geotechnical properties with notipalar problematic behaviour. In some
areas however, some layers of loess are charaatdnig a significant calcareous content, a
higher porosity and a low plasticity. These feadulead to a metastable structure that is
strengthened by suction when the soil is partiaijurated. Subsequent soil saturation may
thus induce a loss of stability of the structuréhwielatively large volumetric deformations
due to the collapse of the open structure of thié 3dis collapse behaviour of loose

unsaturated soils has been observed by many autiobuging Barderet al (1973), Yudhbir

" Ecole des Ponts ParisTech, Laboratoire Navier RI@ES, Université Paris-Est
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(1982), Alonsoet al. (1987), Cuiet al. (2004), Delageet al. (2005), Hormdee (2008),
Punrattanasin (2008), Yuan and Wang (2009).

A geological survey of the area showed that coitdpdoess layers are protected from the
interactions with the atmosphere and from rain lgllsw layers of higher clay content and

density. Since the water table appears to be deepgé (more than 5m depth as observed
during various excavation works), some of theseodiép may remain unsaturated in spite of

being located in a quite rainy region.

Stability problems must be considered when theapsible layers become exposed to
atmosphere and rain due to excavation. Up to newrthin regions of concern have been met
along the North line of the high speed train (TGNt links Paris to Brussels and London, in
cut areas where the line went through collapsiblgers. Besides other reasons, like for
instance the presence of remaining trenches fromdNar | in the Somme Battle region,

the collapse susceptibility of loess is thoughb&one of the reasons of some instabilities

observed along the line and described in&@l (1995).

In this paper, an investigation of the water ratenproperties of an unsaturated natural loess
of Northern France is presented. This study is giaat wider on-going research program (Cui
et al 2004, Delaget al, 2005, Yanget al, 2008) on the hydro-mechanical behaviour of the

loess that is conducted in collaboration with then€h Railways company (SNCF).

In spite of the impressive interest towards unsaéar soils developed in the last decades,
relatively few data on natural unsaturated soilgehbeen published up to now. The data
presented in this work aim at complementing exgstiata on the water retention properties of
unsaturated soils by further investigating the paciwhydraulic behaviour of this natural

unsaturated loess.

Up to now, water retention properties have beerenoften investigated by using methods of

controlling suction. Here, two methods of measusngtion, the filter paper method and the

high capacity tensiometer (HCT), respectively, @sed on intact samples in which the water
content is varied. The filter paper method providastion measurements between 0.01 and
about 10 MPa whereas the suction range coverd bl id®@etween 0 and 1 MPa. The water

retention curve obtained in this work is also ipteted by using microstructure data from

scanning electron microscopy (SEM) and mercury usitm pore size distribution

measurements.
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The loess of Northern France

Loess deposits in Northern France were formed umaegiglacial conditions during the
Quaternary period (15 000— 25 000 years BP). Attihge of low sea level that preceded ice
melting, coastlines had a different shape thanemths The presence of a glaciar front at the
North-West of the area and the temperature angpregradients induced in the atmosphere
above the ice mass resulted in constant and sionidp-\West winds, typical of cold and arid
steppicclimates (Antoine 2002, 2003). Winds eroded theugdbexposed in the area, now
corresponding to the Channel, close to the icetfem transported silt sized particles that
were further deposited on the sedimentary depasitsvidespread cover deposits. The
thickness of loess deposit in the area ranges ketwa and 8 metres with a relative
homogeneity. Loess deposits are homogenous in tefreemposition and structure when
considering a given horizon. However, these charatics may vary with depth depending

on the geological depositional conditions.

Figure 1 shows that the loess deposits are locdted) the Channel seashore from Normandy
up to the Brussels area. They also include thesRaga where they are known under the term
of “Limon des plateaux” (East of Paris). In mosses, loess deposits are unsaturated, a
favourable condition in terms of agricultural pdiahthat explains the prosperous wheat
cultures that are found in the Eastern Paris aféee Orly and Roissy CDG airports,
respectively south and north of Paris, are alsatexton loess deposits (Audric 1973)

As commented above, some loess layers are chasacday a low plasticity, a high porosity,
a high calcareous content and an open structutertigat give rise to collapse under wetting.
These collapsible layers can be found in particdlese to the city of Amiens in the Picardie

region.

As quoted from Pecsi (1990) in Antoine (2002), ¥seis not only dust accumulation”.
Diagenetic transformation includes clay illuviatimm the surface that explains the higher
density and plasticity and the lower permeabilitythee surface layer (about 20 cm in depth
from the surface) that protects lower layers fram water infiltration. Aeolian deposits are
also affected by the subsequent chemical dissollnieprecipitation of primary calcareous
particles that change into a cementing agent.ignrdgard, the loess considered here falls into
the category of cemented unsaturated soils witbrdgtains bonding due to the combined

action of calcareous cement and clay bonding. WAseotay bonding is directly affected by
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changes in water content and suction, changedéareaus bonding with suction is probably
less significant. This combined effect has beerstigated by various researchers including
the theoretical considerations of Gens and Nov@3)L@nd the experimental investigations

carried out on artificial soils by Leroueil and Basa (2000) and Koligt al. (2010).
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Figure 1. Extension of the Last Glacial loess intNern France (after Antoine 2002)

To obtain good quality specimens in a rather feagilaterial, intact block samples have been
manually extracted using plastic cubic boxes of 800 side at different depths from a 5 m
excavation in the area of Bapaume (Picardie). Témeghnical profile of the excavation is
presented in Table 1. One can observe that théigilpsndex is constant along the profile
and equal to 9. Upper layers are unsaturated (tky®r= 0.44 at depth 1m, and layerQ:=
0.50 at depth 2.1 m) compared to deeper layersatieatloser to saturation. Layer 1 (1 m) is
the loosest onee(= 0.85,w = 14.4 %,S = 44%, 6% carbonate content) and layer 2 (2.1 m)
has the highest calcareous content (9%). It istwooting that, since the samples have been
extracted at the end of the summer period, the rweatietent and degree of saturation of the
samples should correspond to relatively low valvéhl respect to natural cycling changes.
According to Cuiet al. (2008) who monitored in situ suction and water eanwariations of a
"Limons des plateaux” (an aeolian silt from sammia) located near Paris, shallow layers
(upper than 50cm depth) experienced suction chabgigeen 10 kPa (during winter) and
200 kPa (during summer). Since this study concdesper layers protected by more clayey
top layers, smaller suction variations are expecléte initial water contentw = 14.4%)
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value at 1m depth should be smaller than the aremerage value and the suction value (40

kPa) close to the upper boundary.

Depth

No. pis Wo (%) | So CaCQ | Clay content

Fs 0
Mgy | @ | WO e T (%)

1 1.0 14.4 0.44 2.67 0.8p 28 9 6 16
2 2.1 14.9 0.50 2.68 0.79 30 9 9 18
3 3.3 21.2 0.91 2.66 0.68 30 9 5 25
4 4.7 20.4 0.87 2.66 0.60 30 9 5 25

Table 1. Geotechnical profile of the loess deposit

The samples investigated here come from layer tlpiesent the highest collapse potential.
The grain size distribution of the sample invesiedas given in Figure 2. The sand, silt and
clay fractions are equal to 2, 82 and 16% respelgtivThe dominant clay minerals are

kaolinite, illite and interstratified illite-smeté (Karam 2006). The Casagrande classification

of the loess is CL.
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Figure 2. Grain size distribution of the loess frBapaume (France)

Filter paper measurements

The filter paper method, developed several decadesby Gardner (1937) to measure soil
suction over a wide range, has been further ingatd and used by many researchers
(including Fawcett and Collis-George 1967, McQuard Miller 1968, Al Khafaf and Hanks
1974, Hamblin 1981, Chandler and Gutierrez 1986ustonet al. 1994, Swarbrick 1995,
Bulut et al. 2002) prior to be standardized by the ASTM (2008,5298-03). Recent
contributions also include papers by Patetlal. (2007) and Kentoet al.(2008).

Parcevaux (1980) proposed an approach based og asinnitially wet filter paper and
provided the corresponding calibration curve. Sitiee “dry” approach (initially dry paper)
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recommended by ASTM and the “wet” one start fronffedént initial water contents,
hysteretic effects in the filter paper calibratmmve are to be considered, as done by Letng
al. (2002) based on the compilation of data by sevessarchers (Fawcett and Collis-George
1967, Hamblin 1981, Greacemnal. 1987, Ridley 1995, Harrison and Blight 1998).

The equilibration time of both methods might bdeatiént when considering either a drying or
a wetting process since the water infiltration dé@ends on the permeability to liquid water
that is largely influenced by the degree of satonabf water (both in sample and paper).
Equilibration time should also vary with the amowitwater to be transferred to reach

equilibrium and hence depend on the suction to areas

Figure 3 presents a compilation of filter papeibzation curves obtained on the Whatman
No. 42 filter paper by various authors using eittigting or wetting processes. Data below 1
MPa (calibrated by techniques involving liquid tséers) concern matrix suction
measurements whereas highest (total) suctions detsgmined with the vapour equilibrium
technique. Quite a good agreement is observed batiWee data obtained independently by
different authors with different techniques at eliint times. The data also provide a

satisfactory insight into the hysteresis of theewattention curve of the filter paper.

In this work, a Whatman No. 42 filter paper was @yed. The initial water content under
ambient laboratory conditions of the Whatman Nofi#@r paper in original boxes is around
w = 6.0% that corresponds to a suction of 29 MPaighalmost the upper limit for measuring
suction with the method (Marinho and Oliveira 2Q0B)e testing procedure adopted here is

described below.

Tests were performed on specimens of 70 mm dianagi@rl9 mm height. Specimens were
carefully cut to get a surface as planar as passitls ensuring a good contact with the filter
paper piece. With respect to the ASTM proceduraeyas preferred to place a set of three
circular pieces of filter paper of 50 mm diametetvieen two pieces of soil so as to allow
drainage on both faces of the paper and to enasterfwater transfer and better contact. The
central piece of filter paper was cut smaller tHantwo other ones so as to keep it clean with
no perturbation of the water mass measurementtbald be caused by soil fragments. The
overall set was then covered with paraffin wax, edoped in a plastic fiim to avoid

evaporation during the equilibration time and putn insulated plastic box so as to reduce

any temperature perturbation. After seven dayssétaevas opened, both soil samples and the
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central piece of filter paper were carefully weighevith a high precision balance
(1/10 000 g). Weighing was as quick as possiblentoimize evaporation. Finally, suction
was calculated from the filter paper water contesing the appropriate calibration curve,
depending upon the initial state of the filter pape

1000000
F Ridley (1995)
O drying ® wetting
Harrison and Blight (1998)
O drying W wetting

100000

Leong et al. (2002)
¢ drying & wetting
A Parcevaux (1980) - drying
+ Fawcett & Collis-George (1967) - wetting
X Hamblin (1981) - wetting
¢ Greacen et al. (1987) - wetting

10000 £
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100 £
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— — — —  WET FILTER PAPER (Parcevaux, 1980)
DRY FILTER PAPER (ASTM D 5298-03)

o1l v
0 20 40 60 80 100 120 140 160 180

Filter paper water content, wf (%)

Figure 3. Calibration curves of Whatman No. 42fipaper

Suction measurements were performed by using betlity and wet filter paper methods to
compare obtained values and equilibration timesiilbgation was monitored by weighing

the filter paper at various periods of time varyfrgm 1 to 12 days.

Samples were prepared starting from the naturaneantent\y = 14.4%) after either drying
or wetting stages. Drying was performed by allowieggporation of the sample under
laboratory conditions for periods of time comprideegtween 1 and 4 hours. Wetting was
achieved by adding small quantities of water to b sample. To do so, a piece of filter
paper was placed on top of the sample and watg@sdr@re uniformly distributed over the
surface using a syringe in order to ensure homameneetting. Once the target water content
was reached, a new filter paper was placed andh#resurement was restarted. Target water
contents were checked by weighing the samples whil@mizing evaporation. The time
period necessary to ensure a uniform water digtabwvithin the sample has been estimated
by using tensiometer measurements. Once suctionstahdized, water was assumed to be
uniformly distributed within the soil matrix. Theaximum equilibration time was estimated
to 4 hours for both drying and wetting processde frget values of water content were the
following: w=23.8, 13.3, 7.9 and 7.2%.
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The high capacity tensiometer

Suction measurements by an in-house constructéddaigacity tensiometer (CERMES HCT)
based on the principle proposed by Ridley and Bdr{d 993, 1995) and already described in
Mantho (2005) and Cuet al. (2008) were compared to those obtained by ther fijagper
technique. The suction values obtained by both austhwere then used to determine the
water retention curve of the loess. As seen inreigy the CERMES HCT is an integral strain
gauge tensiometer (Tarantino 20@&lageet al 2008) composed of a porous high air entry
value (1.5 MPa) ceramic disk with strain gaugesdlto a metallic diaphragm and a water
reservoir of 0.1 mm thickness. The HCT allows suctmeasurements ranging from 0 to
about 1 MPa. As suggested by Tarantino and Mong{@0D1), the HCT has first been
saturated at a 4 MPa positive water pressure taidedf any air trapped in the system.
Mantho (2005) proposed to resubmit the tensiometer water pressure of 2 MPa after each
cavitation of the water contained in the tensiomegservoir. Performing such cycles of
cavitation — saturation is suggested to improvetéinsiometer performance in terms of range
of measurement (Mantho, 2005) and measurementiaguidarantino and Mongiovi 2001).

10 mm ___FElectrical cables outlet
LL111 _—
24 4/4 Tensiometer body
Y/ /e
/4// g
/
2 ;/// 5 train gauges
Wy /e é// :
4 /e iaphragm

NN
AN
N

AN

~ T HAEV porous stone
(1.5 MPa)

Figure 4. CERMES high capacity tensiometer (€l 2008)

As seen in Figure 5, the HCT was inserted in treeld a modified oedometer cell already
used to perform oedometer compression tests witiosumeasurements (Delageal. 2008,
Tarantino and De Col 2008). The oedometer base plaxed on a precision balance to
register weight changes with time. A loess specimiedi0 mm diameter and 19 mm height
was inserted into a metallic ring and placed oerdedometer base. In order to improve the
contact between the tensiometer and the soil saamulehus to avoid early cavitation, a fine
layer of slurry made from the tested soil was pdace the tensiometer surface. To the same
aim, a vertical stress of 1.5 kPa correspondinthépiston weight has been applied to the
sample. The vertical settlement induced by theopiss smaller than 0.04% and remains

within the domain of elastic behaviour.
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Figure 5. HCT measurement inside an oedomete(@elageet al 2008)

Like in the filter paper test, the wetting procegss carried out by removing the oedometer
piston (loading-unloading cycles do not imply sfgrant volume changes) and by carefully
dropping, with a syringe, small amounts of wateeroa filter paper in contact with the upper
face of the sample. Once the desired water contaiched, the piston was placed back and a
membrane was installed so as to avoid evaporasi@hawn in Figure 5. The drying process
was performed by free drying after having removeel dedometer piston. Once the desired
water content was reached (indicated by the balamsmsurement), water content
equilibration was waited for after placement oftbptston and membrane. After each change
in water content, an equilibration time of 1 howsmvaited for before measuring suction with
the HCT.

Results and discussions
Filter paper measurements

Filter paper measurements were performed on foopkes, starting from different water
contents v = 23.8, 13.3, 7.9 and 7.2%). Suction measure®dthn dry and wet filter paper
methods are presented later together with the theegperimental data. As an illustration of
the suction equilibration process between the samapdl the filter paper, Figure 6 presents the
evolution in suction measurement with time for test corresponding to an initial water
contentw = 13.3%. Each point corresponds to the measureofethie water content of the
filter paper at a given time (between 1 and 12 fapse the contact between the filter paper
and the soil has been ensured. After each weiglainew filter paper was inserted into the

soil sample to perform the subsequent measurenherthe dry method, the filter paper

62



Chapitre 2. Propriétés de rétention d’eau

extracted water from the soil whereas it releasatkmwto the soil in the wet method. The
corresponding wetting or drying branch of the filgaper calibration curve (Figure 3) was
used accordingly.

50

w =13.33%

i O Dry Filter Paper
B Wet Filter Paper

Suction (kPa)
&
\ \
/
/
/
/
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>
I

\
[

a4 1 1 1 1 1 1 1

Time (days)

Figure 6. Evolution of suction measurement withetioiotained by the filter paper techniques
Figure 6 shows that monotonic changes in waterettratre observed. The two curves tend to
converge with a difference in final suction valueund 0.5 kPa after 7 days, providing an
average final value of 46.5 kPa. In all tests, watnsfers tend to stabilize after a few days,

generally before the seven days period recommebgd&STM.

An overall good agreement between the results ddaby the two protocols (wet and dry
paper) is observed. It has also been checkedlbavater exchanges due to the presence of

the filter paper itself had a negligible influenoe the measured suction. This influence is

estimated for all tests in Table 2 in which theéaaM ” /M ' between the change of mass

of water in the filter paperAM™,) and the total mass of water in the soil samm&,) is

given at all final water contents for both techr@gu Obtained data shows that water
exchanges are quite small, confirming that therfijpaper does not significantly affect the
hydric state of the sample. This confirms that botbtocols provide comparable results in

terms of measured values.

wow | Vet | oy
23.8 0.74%o0 2.04%o
13.33 2.86%o 1.93%0
7.88 9.89%o 2.58%0
7.19 10.02%o 2.15%0

Table 2. Ratio of water exchange between filterepamnd soll
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The water retention properties of the natural laggsined with both dry and wet filter paper
methods are presented in Figure 7 in a suctionfwadatent diagram. The values of the
degree of saturation are also presented in thextays under the hypothesis of no volume
change, showing that a degree of saturation okar#tically corresponds to a water content
of w = 31.8%. Since the degree of saturation undelotest 3 kPa suction i8 = 26.5%, it is
very probable that the sample is not fully satutatden put under zero suction by infiltrating
liquid water. However, total saturation has notrbpessible since the material became very

soft and difficult to handle in such conditions.
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Figure 7. Hydraulic paths by the filter paper tegiie on Bapaume loess
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The data presented in Figure 7a) were obtainedgatero hydric paths imposed to two
distinct specimens starting from the same init@ahp (w = 13.2%,s = 35.8 kPa). A wetting
path was imposed with values of water content ssieely equal to 16.5% and 22.5% (the
last value corresponding o= 8.6 kPa an& = 0.71). The specimen was subsequently dried
atw = 19.7 % § = 23.9 kPaS = 0.60) and wetted back to a point that appeavdakbtvery
close to the initial one at = 13.3% ¢ = 42.2 kPaS = 0.41). Whereas some hysteresis is
observed abovev = 16.2%, hysteresis becomes quite slight between14 andw = 16%
with two close parallel sections of the water r&étan curve. Starting from the same initial
point W = 13.4%,s = 42.3), another specimen was dried in 3 stepsndow = 6.6% § =
4250 kPaS = 0.20) prior to be wetted back in 3 steps upvte 13.2% (s = 35.8 kP& =
0.41) to finally reach a point very close to theatiah state. Again, a small hysteresis is

observed along the cycle.

The data of the test carried out with the wet ffiliechnique are presented in Figure 7b. A
drying phase was imposed in two steps down to anveantentv = 3.5% 6= 17.3 MPaS =
0.11) prior to rewetting the specimen in 3 stepgapy = 6.8% 6 = 277 kPaS = 0.21), a
point at which the test was ended. The other pattirsg by an unplanned drying phase down
tow = 10.8% ¢ = 78 kPa,S = 0.33) followed by a wetting phase upwioc= 25.6% ¢ = 3.2
kPa,S = 0.79). All the points obtained with both the dnyd wet filter paper methods are
presented in Figure 8. The figure shows excellgnt@ment between the results obtained by
the two methods on 4 different samples, showindp ¢ quality of the technique and the

homogeneity of the samples.
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Figure 8. Summary of all the data obtained withhldbe wet and dry filter paper methods
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HCT measurements

The water retention curve of the intact loess frBapaume was obtained by performing
various hydric paths and by measuring suction usim@ne hand the HCT and on the other
hand the wet and the dry filter paper methods desdrabove. Hydric paths were started
from the natural loess water content of 14.2% tbatresponds to an initial degree of

saturation of 0.44 and a suction of 40 kPa as nmedday the filter paper (wet or dry).

As commented above, HCT measurements were condurctad oedometer cell (see Figure
5). Some examples of the response of the HCT wntle along both a wetting (top) and a

drying phase (bottom) are presented in Figure 9.
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Figure 9. Response of the HCT with time for bothedting (top) and a drying (bottom) path

HCT readings in the wetting phase (suction reddozd 45 kPa to 0 kPa) indicate that quite
a short period of time comprised between 3 and kDwas necessary to reach equilibrium.
For a drying phase (suction increase from zercbt&aPla), a longer period of time comprised
between 30 mn and 1h was observed. Longer equibbrdames were observed with higher
suctions, in accordance with previous results & literature (Ridley and Burland 1999,
Delageet al 2008). The difference in kinetics observed inufgy9 is due to a faster liquid
transfer in the case of wetting compared to phasage and vapour transfer (evaporation) in

the case of drying. It also corresponds to theeriffices observed in permeability changes

66



Chapitre 2. Propriétés de rétention d’eau

during drying and wetting processes, favourabldéagter equilibrium during wettingNote
that the wettest states obtained correspond totarwantentw = 27.0% & = 0.84) with a
calculated water content at saturation equalvte 31.9% (assuming a rigid skeleton). It
indeed appeared practically impossible to wet sampk higher water content than 27.0%
with the technique adopted here since further ngtihade the samples quite soft, sticky and
impossible to handle.

Four hydraulic paths (2 wetting and 2 drying patteyied out on 4 distinct samples were
performed using the HCT technique in the oedom&igure 10).
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Figure 10. Hydraulic paths by the tensiometer opaBiane loess
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As seen in the figure, the maximum suction measwasiequal to 898 kPa, a suction value at
which the HCT satisfactorily behaved. An advantaféhe technique is that there is neither
any manipulation nor any weighing of the sample imgk easier to obtain a large number of
measurement points. The drying and wetting patbsegmted on top of Figure 10 (paths 1 and
2) again exhibit a rather slight hysteresis withalal wetting and drying curves close one to
the other, particularly in the area of the initieter content. A quite good correspondence is
observed between the data that come from two dissamples. Path 3 presented in the
bottom graph exhibits a trend similar to the presgigpaths in the same area with a closed
cycle ending at a point witlv = 14.5%ands = 23 kPa. The wetting stage of path 4 also lies
close to that obtained during path 3 on anothepsam

Microstructural observation

The microstructure of the intact loess has beeestigated by using both mercury intrusion
pore size distribution (PSD) measurements and swgnelectron microscope (SEM)

observations. Both techniques must be carried outdoy samples. To preserve the
microstructure during dehydration, samples wereydedted by freeze drying (Delage et al.
1982). To ensure instantaneous freezing, smalksstigere plunged in liquid nitrogen (-

196°C) that was frozen down to its cooling poirt1@3°C) by applying vacuum to nitrogen

prior to sample immersion (Delage al. 2006). In such conditions, the heat quantity bhbdug

by the small soil sticks when plunged into nitrogemot enough to heat nitrogen up to its
boiling point. The water transfer occurs in liqutdase and is not slowed down by nitrogen
bubbling as when directly plunging sample in liguidrogen. The heat transfer during
freezing is instantaneous and generates amorphewsith no volume expansion (Delage and
Pellerin 1984).

Figure 11 presents the PSD curve of an intact sawfpBapaume loess in a diagram in which
the intruded pore volumey @xis) is expressed in terms of a void radi i.e. by using the
ratio of the intruded volume divided by the volumiethe solid phaseWg/Vs). In the test
presented, mercury intrusion was started at a presd 3.4 kPa (0.033 atm) quite below the
atmospheric pressure, corresponding to an equivaetmtance pore diameter of 3G@n.
Actually, the total volume of intruded mercurgy,(= 0.70) appeared to be smaller than the
total pore volume of the sample determined in adaed way (void ratice = 0.85). This
difference may be due to the fact that, as seevidmal inspection, pores larger than 368

diameter exist in the loess. Since the clay fractibthe loess is small and based on previous
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experience on Eastern Canada sensitive clays (Pedag Lefebvre 1984, Delage 2010),
compacted low plasticity silt (Delagat al. 1996) and compacted kaolinite (Sridhaetnal.

1971), it is believed that most of the pore voluméntruded when reaching the maximum
mercury pressure (200 MPa) (soils that are noy fultruded by mercury at 200 MPa often
contain a significant fraction of smectite as oledrby Lloretet al 2003 and Delaget al.

2006). This statement is also in agreement with fdet that the PSD curve becomes
tangential to horizontal in the area of smallestepovhereas it remains inclined in that of
largest pores, showing that pores with an entrali@aeter larger than 0.363 mm probably
exist. For this reason, the intrusion curve hasbgied with the total pore volume in the area

of small pores.
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Figure 11. Pore size distribution of Bapaume loess

The data of Figure 11 show the existence of a rpare population with an average entrance
diameter of 8.3um that represent 49% of the total porosity (if raketween 3 and 11 um).

Smaller pores correspond to 15%, whereas largesspepresent 36% of the total porosity.
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The inclined linear section of the curve in theg&st pores area indicates a poorly graded
PSD, with some largest pores of 0.5 mm diametdrateavisually observable, as commented
before.

SEM observation was carried out on surfaces tha¢ wbtained by fracturing the frozen soil
sticks prior to placing them under vacuum in theefre dryer apparatus in which ice is
sublimated (Delaget al. 1982). In such condition, the observation surfaceat defined, as

in ESEM, by any weakness plane of the wet soil asitucture and no deformation occurs
when fracturing. The observation surface is plardeéd, well defined and it does cross the
various levels of microstructure, allowing bettéservation. Examination of the SEM photos
presented in Figure 12 at two magnitudes (seedh diving lengths in micrometers) clearly
show (Figure 12a, Figure 12c) a dominant proportibaubangular silt grains with diameters
of several tens of micrometers. The figure alsonshthat the clay fraction is not regularly
scattered among the grains. Whereas some graingudesclean, some others appear to be
strongly linked together by clay aggregations #e#m to be firmly stuck to the grains. The
figure also shows a “grain/clay aggregate” madefuaarious grains completely embedded in
a clay matrix. Clay aggregations locally fill theer-grains porosity. This is observed in more
details in Figure 12b in which clay aggregationpesgy to be frankly cut by the freeze
fractured observation plane. Here also, clean gratuick together by clay aggregations
(Figure 12d) are visible with also some clay brglgenking clean grains together.
Observation of the SEM photos suggest that theteste of the microstructure should not be
homogeneous based on the irregular position ofldyeaggregations. Clearly, collapse under
wetting should occur by the densification of theaar where grains are clean with large pores
around them. The zones in which the porosity iedilby clay aggregation should be more

resistant and locally less sensitive to collapse.

SEM observations help to interpret the PSD curvEigéire 11 in more details. A large inter-
aggregate pore with a diameter close to 100 pmbiblaings to the poorly graded large pore
population evidenced by the PSD curve of Figurasldébserved in Figure 12c. Figure 12b
shows an inter-grain pore of a diameter close touh) compatible with the main pore
population with a 8.3 um average diameter. Inspaabf the clay aggregations (Figure 12b)
shows that the largest intra-aggregate pores shmutdose to 1-2 um, in accordance with the

smallest pore population of Figure 11.
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The process of mercury penetration can hence baided based on the SEM photos. In a
first stage at lowest pressures, mercury penettageksrgest inter-grains porosity and embeds
all clean grains prior to penetrate the smallesy ahtra-aggregate porosity. Once the pressure

corresponding to 2 — 3 um is reached, the penetrafimercury in the clay aggregates starts.
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grains porosity

Clay bonding
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"
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Large inter-
aggregate pore
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silt grains

Inter-grains pore

Large grain/clay
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Clay aggregation filling
the inter-grains porosity

between grains

Clay aggregation
coating the silt
grains

(d)

Figure 12. SEM observations of the Bapaume loess

Discussion

All data obtained with the two filter paper methaiwl the HCT technique are now plotted in
Figure 13 together with a curve obtained from t&®Rurve that will be further commented
later. The filter paper measurements performedudysthe changes in suction with time from
different water contentam= 23.8, 13.3, 7.9 and 7.2%) are also presentedefaded to as
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“DFP/WFP equilibration time data” (Dry Filter Papafet Filter Paper). The data show a
good global agreement between the various metheel$ on distinct samples. It confirms the
validity and the quality of both suction measuretaeand highlights the homogeneity of the
various samples tested. The results provide aldétdescription of the water retention curve
of the natural loess.
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Figure 13. Retention curve of the intact loess fthedifferent approaches used
Compared to existing published data in which thstéresis of water retention curves (Hillel
1971, Phamet al. 2005) is clearly apparent (see for instance recent expeiial data
concerning natural soils from Konyat al. 2006 in a saline sandy loam, kg al. 2008 in
Boom clay, Askarinejaet al. 2011 in a natural silty sand and Vasqee¢al. 2011 in a red
clay of high plasticity), the water retention curvktained here exhibits a distinctive shape,
with no apparent hysteresis observed in the ardaeahitial water content (betwe@n= 11.0
and 16.0%). With an initial natural water conteluse tow = 14.4%, one can conclude that
little hysteresis affects the soil when submittedchange in water content imposed by
climatic changes around this value. Under this kiypsis, water changes could be included
betweenw = 11.0% in summer ang = 16.0% in winter with corresponding suctions 6f 2

and 80 kPa respectively. These ranges would ofseoneed to be checked by direct in-situ
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suction measurements. Conversely, hysteresis appiebe quite apparent on both the wet (
> 16%) and dryw < 10%) sides of the curve.

It is well known that there are close links betwées water retention curve of a soil and its
pore size distribution, provided water-soil intdracs in the soil are mainly governed by
capillarity. Indeed, mercury intrusion porosimetfyIP) is currently used in petroleum
engineering to characterize more rapidly the capilicurve (another name of the water
retention curve) of reservoir rocks like chalkssandstones (with negligible clay fraction). In
this regard, the mercury intrusion process, in Whacnon wetting fluid (liquid mercury) is
penetrating a porous medium full of a wetting fl(iercury vapour under vacuum) is
assimilated to a drying process. In other words, ghre size distribution cumulative curve
can be used to extrapolate a drying curve (sem$bance Prapaharat al 1985, Delagest
al. 1995, Romero 1999, Aungt al. 2001, Simms and Yanful 2001, 2002). To do so, one
considers the Laplace’s capillary equation appleed capillary cylindrical tube (Jurin’s law,
sometimes called Wahsburn’s equation) that is tasebof MIP interpretation. Laplace’s
equation links the capillary pressure (differencdluids pressure on both sides of a capillary
meniscus) to the interfacial properties of theddasolid system together with the diameter of
the cylindrical tube as follows:
U -u, = 4T cosf

D
in which:

Eq. 1

- Unw andu, are the pressure of the non wetting (mercury Qraaid wetting (mercury
vapour under vacuum or water) fluids respectively;

- Tis the non-wetting—wetting surface tension (at 20P¢= 72.75 x 1G N/m for air—
water interface andlyg = 485 X 16¢¢ N/m for liquid mercury—vapour mercury
interface);

- @is the wetting fluid/solid contact angle (0° foater and 140° for mercury in clays

according to Diamond 1970).
Under the hypothesis of a cylindrical shape, arnréat estimation of the pore diameter can
hence be obtained through Laplace’s equation \ughwo fluids/solid systems, giving:

D= 4T, __ 4T, cosd
(ua_uw) (qu _uVHg)

Eq. 2
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where uyg and ug are the liquid mercury (non wetting fluid) and tkepour mercury
(wetting fluid) pressures respectively. Matrix soot (U, — U,) can then be related to the

mercury intrusion pressurad -Uyng) as follows:

TW ~
U, —u, = _W(UHQ ~ Uy ) = 0.196(U,,y — Uy ) Eq. 3

A water retention curve can hence be extrapolatad the mercury intrusion curve by using
Eqg. 3.

The curve derived from the PSD curve plotted inuFeg1l3 (in which the entrance pore
diameter from the MIP analysis are also plottedhenrighty axis) significantly differs from
the drying branch of the water retention curve,tipalarly in the area of small pores.
However, it should be noticed that the curve iscdygpassing through the point at natural
state. The correspondence is also better in the ablargest pores, with however a bend in

the PSD derived curve that is not observed in tRQ/urve.

The differences between the WRC and curves defneed PSD have been discussed in the
literature and for instance Simms and Yanful (2a02) mentioned the possible effects of
the pore trapping effect (mercury intrusion onlyeg the entrance pore radius thus somewhat
surestimating the porous volume associated to #tenated diameter). There are other
reasons why the two curves should not be the sans®ils containing some clay fraction
whereas they compare favourably in granular saoits @cks. Mainly, the microstructure of
the former is sensitive to changes in water contehereas the latter have a stable
microstructure at all water contents. This stablerostructure governs in a constant way the
response of both mercury intrusion and water dgengiving comparable results. The WRC
of a fine-grained soil results from a microstruetithat changes with the water content
changes whereas the PSD curve is obtained at ttrestructure that corresponds to the water
content at which it has been performed. In thisarégthe good correspondence observed at

natural water content in Figure 13 is interesting.

Under the hypothesis of having water located instin@ller pores due to both capillary action
and water adsorption on clay particles, all posated in pores with a diameter (8 pum)
smaller than that corresponding to the natural watatent (14.4%) should be saturated
whereas pores of higher diameter should be dryere§ to SEM observations, this means

that the largest porosity between clean grains Ishbe dry whereas the clay aggregations
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should be water saturated. Then, the almost setiisfacorrespondence observed on the right
side of the drying curve concerns capillary effesta dry granular assembly, compatible with

observations in dry samples or sandstones.

On the left side of the natural water content, sigificant difference between the curves
concerns the saturated smaller porosity that imeno significant microstructure changes
under drying. On a compacted silt form the samdiaeorigin, Delageet al (1996) observed
that drier samples were characterised by the apaifnthe clay particles along the grain
surface, whereas in wetter samples, hydrated chayicfes appeared to be quite more
voluminous and able to fill the inter-grains por@s the left side of the natural water content,
the curve derived from the PSD curve indicatesa @fiven suction value, a significantly
smaller water content (with only water capillaryergion derived from the PSD of the
microstructure atv = 14.4%) than the real one (with capillarity andter adsorption in the
clay aggregates observed in Figure 12, but in hin@lseed configuration that they should have
under the given suction). Under a suction of 1 MRea,PSD derived curve indicates a water
content close tov = 1% compared tov = 7.5% of water content remaining in the soil. The
strong effect of clay water adsorption (with a 16Py fraction) is compatible with the =

3.5 % water content that the soil is able to retdia suction as high as 20 MPa (driest point

obtained with the wet filter paper).

Conclusions

The water retention properties of a natural lodsNarthern France have been investigated.
This study is part of a wider research programhenhtydro-mechanical behaviour of the loess
of Northern France conducted with the French Raisn@aompany (SNCF) and devoted to the
study of stability problems along the North higleeg line in collapsible loess.

A high capacity tensiometer (HCT) and the filteppamethod were used to obtain the water
retention curve of the loess between 10 kPa to tabduMPa with the filter paper and 0 to
1MPa with the HCT. The ASTM filter paper methodtthaes an initially dry filter paper has
been complemented by an alternative method in wthehfilter paper is initially wet. The
analysis of the drying branch of the water retantiarve of the filter paper suggested that the
wet filter paper method allowed to measure a widage of soil suctions (between 2 kPa and
about 10 MPa). The results confirmed that seves dagre sufficient to reach equilibrium for

both methods. A good agreement of the suction measnts obtained with the tensiometer
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and the two filter paper methods was observed acohglete and coherent water retention

curve could be obtained.

A microstructural analysis of the natural loess wasformed based on Scanning Electron
Microscopy and Mercury Intrusion Porosimetry. Baotiethods provided compatible results
evidencing a well graded main pore population withentrance diameter of around 8 pum that
characterised the pores between the grains of.ldesss also observed that the 16% clay
fraction was not heterogeneously distributed amding silt grains, with some local

aggregations of grains and clay particles.

The shape of the water retention curve appearde womewhat specific with a central zone
bordering the natural water contemt € 14.4%) betweenv = 11% and 16% in which no
hysteresis was observed. Two hysteretic loops wkserved on the dry sides & 11%) and
the wet sidew > 16%). The section with no hysteresis is supposdzk related to the natural
variations of the water content due to climatic rades. The corresponding estimated
maximum and minimum suction values (20 and 80 kPat) can be derived should of course

be checked by in-situ direct tension measurements.

When comparing the drying path of the experime¢®C with a WRC derived from the

PSD curve, a reasonable correspondence was obsarvegher water contents in the large
pore spaces existing between clean grains, comfgitiie predominance of capillary effects in
this area of the WRC. Conversely, the corresporel@ras no longer observed at lower water
contents and higher suctions, showing the effettshanges in microstructure occurring at
the level of clay aggregations and the growing irtgpmce of the adsorption of water in the

clay fraction at higher suctions.

Some of the microstructure features evidencedigwbrk in relation with the water retention

properties of the loess could be used in furthedelimg the loess WRC. This could include
for instance i) the separate roles played on the loand by the inter-grains and inter-
aggregate pores and on the other hand by theaggeegate pores inside the clay fraction; (ii)
the changes in microstructure during the drying @etting processes or, more largely, when
submitted to hydro-mechanical changes and (iii) mhechanisms that control the water

transfers within the complex pore networks thatrabierise natural soils.
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2.3 Effet des cycles d’humidification et de séchage sla microstructure

Il a été montré plus tot que la courbe de réterdieau du loess de Bapaume était caractérisée
par le phénomeéene d’hystérésis hydrique, qui seuirapar I'écart entre les branches
d’humidification et séchage. Ce phénomene montmiaplexité de la microstructure de ce
sol, composé par un squelette de grains de limes, derniers pouvant étre entourés
d'agrégats argileux. L'analyse de la relation er&remicrostructure et les propriétés de
rétention d’eau présentée dans Mufoz-Castelblahed (2011) est maintenant approfondie
sur la base d’observations microstructurales saré&dhantillons obtenus a différents teneurs

en eau sur les branches de séchage ou d’humidificaé¢ la courbe de rétention.

On a analysé neuf échantillons de lcess obtenugféredts points lors d’'un cycle hydrique
de séchage-humidification-séchage. La succion an&®urée a l'aide d’un tensiomeétre de
haute capacité, développé au laboratoire NavieERMES (Mantho 2005, Cuwét al. 2008).
Les observations microstructurales (microscopetréieiue a balayage, porosimétrie par
intrusion de mercure) montrent un espace poral néappr quatre familles de pores : des
macropores (diameéetre moy@hnoyen= 200pm), des pores intergranulaireSfoyen= 6 pm),
des pores intra-agrégats dans la fraction argiléDsgen= 1 pm) et du volume associé aux
espaces de séparation entre les feuilles d’argilée(moyenne = 0.0um). L’analyse montre

le gonflement des agrégats argileux pendant I'hifiroadion et leur contraction lors du
séchage. Ceci affecte les propriétés de rétentmauddu loess. Les principales observations

peuvent étre résumées comme suit :

- la diminution de la taille moyenne des pores imamnglaires pendant I'lhumidification ;

- laugmentation de la taille des pores a lintériedes agrégats argileux pendant
I’'humidification ;

- l'augmentation de la taille et du nombre des maarep piégés dans la matrice grains —

agrégats argileux.

On a calculé les courbes de rétention a partindes$ porosimétries obtenues par intrusion de
mercure, a l'aide de la loi de Jurin. L'écart olgerentre ces résultats et la courbe
expérimentale de rétention d’eau semble étre liéxastence d’eau adsorbée au niveau des

feuillets d’argile, a la présence de macroporeggsét a la surestimation du volume de pores
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d’entrée (en dépit de pores piégés dans une mapdceexemple) dans la technique

d’intrusion de mercure.

Afin d’analyser 'effet des changements de la nstmacture dus aux processus de séchage et
d’humidification sur la courbe de rétention d’ean, utilise le modele d’hystérésis hydrique
proposé par Rojas et Rojas (2005). Ces auteurpropbsé une organisation simplifiée du
réseau poreux, divisée en deux élémentssitesou cavités et lekaisonsou pores d’entrée.
Sur la base des expressions théoriques donnanblebes de séchage et d’humidification,
une premiére modélisation de la courbe de rétertiété faite, montrant un grand écart entre
la courbe calculée et les données expérimentalapplication directe du modéle néglige la
présence des macropores piégés, le grand changdmeniume de pores a l'intérieur des
agrégats argileux pendant les cycles de séchag@tiigation, et les effets de I'eau adsorbée

par la fraction argileuse (avec une proportion intgote de smectite).

Ainsi, une réinterprétation du modele est proposgetenant compte de I'existence de
différents niveaux de porosité. Cette approche lmdée sur l'analyse qualitative et
guantitative de la microstructure du lcess a pdetir observations au microscope électronique
a balayage et des porosimétries par intrusion deure Les courbes obtenues par cette
approche sont en conformité avec la courbe expétatede rétention d’eau. Les résultats de

cette étude confirment I'existence d’au moins 4niw de porosité:

- le volume associé aux espaces qui séparent ldiedediargile, observé par les cycles de
relachement du mercure aprés l'intrusion (8% dmlasité totale) ;

- le réseau de pores a l'intérieur des agrégatiagikeases (17% de la porosité totale) ;

- les pores entre les grains de limon (28% de lagiidrtotale) ;

- les macropores piégés dans la matrice du sol g@enlimon — agrégations argileuses)

(17% de la porosité totale).

On recommande la validation de ces concepts aeealyse des propriétés de rétention
d’autres sols naturels ayant également plusiemsank de microstructure. Les résultats de
cette étude ont été rédigés en anglais sous laefaom article scientifique, soumis pour

publication dans une revue internationale.
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A microstructure analysis of the hysteresis of thevater retention curve of a natural loess
J. A. Mufioz-CastelblancpP. Delage J. M. Pereirg and Y. J. Cui

The main wetting and drying branches of the wagéention curve of a natural loess from
Northern France already investigated by Mufioz-Qlalsteco et al. (2011) are related to the
microstructure of the soil, composed of a loosdetka made up of silt-grains and of a clay
fraction irregularly scattered among the grains.détailed microstructure analysis was
conducted by means of mercury intrusion porosimeing scanning electron microscope
observations carried out on different points altmgmain drying and wetting branches. The
conclusions drawn from this investigation eviden(igthe key role of the swelling-shrinking
behaviour of clay aggregations within the grin skah, (ii) the role of large pores that
remained unaffected by the drying-wetting cyclg) {ne effects of the water adsorbed on the
clay platelets and (iv) some limitations when usthg mercury intrusion technique to
characterize soil porosity and water retention props. On the basis of this analysis a
hysteresis model of the water retention curve psefddoy Rojas and Rojas (2005) has been
adapted based on the microstructure features esedgmoviding a satisfactory prediction of
the water retention properties of the loess.

KEYWORDS: water retention properties, hysteresigst, microstructure, dryingetting
processes

Introduction

The detailed investigation of the water retentisoperties of unsaturated soils is necessary
for a better understanding of their hydro-mechdnbehaviour. Water retention curves are
characterised by a typical hysteresis (see foanmt& Croney and Coleman 1954, Hillel 1971)
that is clearly apparent in natural soils (sedristance recent experimental data from Konyai
et al. 2006 in a saline sandy loam, keal. 2008 in Boom clay, Askarinejeet al. 2011 in a
natural silty sand and Vasquet al. 2011 in a red clay of high plasticity). There anany
models that simulate the hysteretic behaviour efwtlater retention properties of unsaturated
soils (Haines 1929, Everet 1967, Haritsal 1969, Dane and Wierenga 1975, Hogattlal
1988, Nimmo 1992, Kawadt al 2000, Phanet al. 2003).

This paper is devoted to the detailed analysishefrhicrostructure changes that occur in a
loess along the drying and wetting paths of theewegtention curve. The natural loess was
manually extracted by blocks in an excavation ledatlose to the city of Bapaume (Picardy,

Northern France). Its hydromechanical propertiegeHaeen studied in details for some time

" Ecole des Ponts ParisTech, Laboratoire Navier RI@ES, Université Paris-Est
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(Cui et al. 1995, 2004, Delaget al. 2005, Yanget al. 2008, Karamet al. 2009, Mufioz-
Castelblanceet al. 2011) because of a significant collapse suscdipfilthat may affect in
some places the stability of the high speed raidvbhgtween Paris and Northern Europe
through the Picardy region (LGV Nord). Accordingttee results of a previous study on the
same material (Muiioz-Castelblanebal 2011), the water retention curve of the Bapaume
loess exhibits a particular shape with no hysterasbund the natural water content and two
hysteresis loops on both the wet side and theidey s

In this paper, the relationship between the micuastire and the water retention properties of
the Bapaume loess is further investigated baseth@mombined used of mercury intrusion
porosimetry (MIP) and scanning electron microsc{gieM) observations. A model proposed
by Rojas and Rojas (2005) is then adapted to mbeéeiain drying and wetting branches of
the water retention curve. An accurate interpretadf the specific behaviour of the studied

loess was found by extending the initial modeldooant for several levels of porosity.

Tested material, equipment and procedures

The material used has been taken from an intackliltat was manually extracted at a depth
of 1m from an excavation in a site near to the oftBapaume in Northern France. The initial
state of the loess was carefully preserved by ptioig the block just after extraction with a
plastic film and paraffin wax and by storing th@fgcted sample in a temperature controlled
room. The Bapaume loess is a silty soil with atrnetalow clay fraction of 16%, and a
carbonate content of 6% assumed to be respondililenaling between the silt grains (Pécsi
1990, Antoine 2002, Delagat al 2005). The loess has a low plasticity index of &d does
not present any significant swelling behaviour.nitsin geotechnical properties are presented
in Table 1.

Sample depth 1 m
Water contentv (%) 14.0 | Plastic limitv, 19
Void ratioe 0.84 | Liquid limitw, 28
Dry unit massos (Mg/m®) 1.45 | Plasticity index, 9
Degree of saturatio§ 0.46 | Carbonate content (%) 6
Suction (kPa) 40 | In situ total vertical stress o (kPa) 15.47
Clay fraction (% < 2um) 16 Collapse (%) undes’ o 7.5

Table 1. Geotechnical characteristics of the Bapalomss as sampled (natural state)
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Aeolian depositional conditions of silt size pddg&in a cold and arid steppic climate during
the last glaciation (20-25000 BP) (Antoine 2002td\nme et al2003) have given to the loess
deposit an open fabric characterized by a low dagsrunit weight of 1.45 and a high void
ratio ofe = 0.84 (porosityn = 45.7%). The natural degree of saturation atitite of sampling
(Oct. 2007) was 0.46 and the suction (measuredshmglboth a high capacity transducer and
the filter paper method, Munoz-Castelblaneb al. 2011) was 40 kPa. The collapse
susceptibility of the loess has been investigategdrforming a series of double oedometer
tests (Jennings and Knight 1957) and a value c¥%70% collapse (soaking from an initial
water content ofv, = 11% -S = 0.38, upon an applied vertical stressopt= 200 kPa) was
obtained, indicating a collapsible susceptibilitgarding to the Knight (1963) criterion.

To further investigate the relationship between rostructure and the water retention
properties of the loess starting from its initigtaict state, a series of microstructure
investigations including MIP and SEM observationgsveonducted at various points along
the water retention curve determined by Munoz-Qhistieco et al. (2011) and represented
later in Figure 2. To do so, a 70 mm diameter éndhin high oedometric sample was placed
in a oedometer cell equipped at its base with aoumse constructed high capacity
tensiometer (HCT, Ridley and Burland 1993, Mantli®% Cuiet al. 2008) as shown in
Figure 1 (Delageet al. 2007, Munoz-Castelblancet al. 2011). In order to improve the
contact between the tensiometer and the soil saamulehus to avoid the early cavitation of
the tensiometer, a fine layer of slurry made frome tested soil was placed over the
tensiometer surface prior to inserting the sampléhe oedometer ring. To the same end, a
vertical load of 1.5 kPa (the piston weight) waplegal to the sample. The oedometer cell was

then placed on a precision balance to registerrweagght changes with time.

l
— DISPLACEMENT TRANSDUCER

GREASE

ﬁMEMBRANE
PISTON
ORING

POROUS STONE
‘-:-:-:-:-:-:-:-:-:-:-:-:-:v:-:-. SOIL SAMPLE
................................ =SS

q 4 —+—CELL BASE

— TENSIOMETER

L ELECTRICAL CABLE

Figure 1. HCT measurement inside an oedomete(@elageet al 2007)
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As described in Munoz-Castelblanet al. (2011), the wetting process was carried out by
carefully removing the oedometer piston and by dirog, with a syringe, small drops of

water over a filter paper placed above the samplassto avoid any disturbance due to the
water dropping. The drying process was performedillywing free sample evaporation in

laboratory conditions with no piston on the samp@sce the desired water content was
reached (as indicated by the balance measurententpiston was placed back and water
equilibration was waited for during 1 hour. As simoim Figure 1, a membrane isolating the
sample in the ring and the piston from the atmosplveas also placed so as to avoid

evaporation during the equilibration period.

In order to analyse the microstructure changesaduhe drying and wetting processes, small
rectangular-shape bars of loess of maximum sizen2mvere carefully trimmed by cutting
them from the specimen in the oedometer cell demiht times corresponding to various
water contents under a known suction. Since thectn9diameter HCT is located in the
sample centre, samples were taken from the anspéare between the tensiometer and the 70
cm diameter metallic ring. At each sample extratithe resulting hole was filled with
paraffin wax in order to avoid any evaporation aavitation of the tensiometer. Weight
changes induced by the sample extraction and tradfipaaddition were carefully monitored
by using the precision balance. It appeared tleav#hues of suction and water content did not
change during this procedure. Prior to being fredrzed, the extracted small samples were
immediately protected with paraffin wax and plagtiie to avoid water content changes due

to evaporation.

To ensure the best possible preservation of theostiticture during dehydration, samples
were freeze dried (Tovey and Wong 1973, Gillott 39Delageet al. 1982). To ensure
instantaneous freezing, the small sticks of loesewwlunged in liquid nitrogen (- 196°C) that
was frozen down to its cooling point (- 210°C) ppling negative pressure to nitrogen prior
to sample immersion (Delagg al 2006). In such conditions, the heat quantity ghalby the
small soil sticks when plunged into nitrogen is rabugh to heat nitrogen up to its boiling
point and water transfer occurs in liquid phaseishence not slowed down by nitrogen
bubbling like when directly plunging sample intguid nitrogen. The heat transfer during
freezing is instantaneous and generates amorpheuwsith no volume expansion (Delage and
Pellerin 1984).
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SEM observations were carried out on surfaceswlese obtained by fracturing the frozen
soil sticks prior to placing them under vacuum fIre tfreeze dryer apparatus. In such
condition, the observation surface is not defingdabny weakness plane of the wet soil
microstructure and no deformation occurs when @@y (Delageet al. 1982). The

observation surface is plane indeed, well defined & does cross the various levels of

microstructure, allowing better observation.

Tests results

The hydraulic path followed here (Figure 2) statgda drying phase from the natural water
contentw = 14.4% (point 1, initial suction 40 kP8, = 0.46) tow = 10.7% (point 25 = 84
kPa,S = 0.34). It was followed by two drying points aater contentsv = 9.9% (point 3s =
150 kPaS= 0.30) andv = 8.0% (point 4, suction 613 kP&,= 0.25). In order to avoid HCT
cavitation (maximum suction capacity 1 MPa), a imgtpath was then followed from point 4
to point 5, (suction 195 kP& = 0.25). Actually, one can observe that in spfta significant
suction release, there is no significant changeater content between points 4 and 5. This is
typical of scanning branches when passing from & rdeying branch to a main wetting
branch while mobilising hysteretic effects. Furthaatting was performed at water contents

= 9.9% (point 65 = 94 kPa,S = 0.31),w = 14.4% (point 7s = 34 kPa,S = 0.46),w =
20.0% (point 8s = 14 kPaS = 0.62) and aiv = 27.0% at a zero suction value (poin&9=
0.84). A last point was afterwards obtained by migyihe sample at water contemt= 20.0%
(point 10,5 = 23 kPaS = 0.62). Given that negligible volume changes waserved during
the drying and wetting stages, the curve of Figueze also plotted in terms of the degree of

saturation.

The intact initial cumulative mercury intrusion aagtrusion PSD curvesw(= 14%,s = 40
kPa) are presented in Figure 3 together with thédined from the samples along the drying
path atw = 11% € = 84 kPa)w = 10% 6 = 150 kPa) anev = 8% €= 613 kPa). Also plotted

in the graph is the total void ratio of 0.84. Tmeact curve, already described in Mufioz-
Castelblanccet al. (2011) is characterised by a well sorted PSD camgeind an average
entrance diameter of 8 um characterised by thedtifin point of the curve. This average
diameter value is in good accordance with the igtamns pores that are observed in the SEM
photo of the intact loess presented in Figure ##shaws a dominant proportion of subangular
silt grains with diameters of several tens of nrgebers. The figure also shows that the clay
fraction is not regularly scattered among the gralWhereas some grains are quite clean,
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some others appear to be strongly linked togetheldy aggregations that seem to be firmly
stuck to the grains. The figure also shows a “dctay aggregate” made up of various grains
completely embedded in a clay matrix. Clay aggiiegatlocally fill the inter-grains porosity.
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Figure 2. Water retention curve of Bapaume loessiidz-Castelblancet al2011). Microstructure
analysis was carried out in diamond points 1 to 10.
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Figure 4. SEM observations of the Bapaume loetdseatatural hydric statev(= 14.4%)

A poorly graded linear section is observed in thegeé pores area with entrance pore
diameters between 363 pm and 16 pm. These quife faore represent 12% of the total void
ratio, i.e. 6.8% of the total porosity. This largerosity can be compared with the collapse
value of 4% obtained under a vertical stress (18) kdbose to the in-situ one (16 kPa) by
soaking a loess sample from the natural water comies 14.4% (Mufioz-Castelblana al.
submitted). As previously described, a larger gd&aof 7.5% was observed on the same
loess when soaking from a drier state<11%) under a vertical stress of 200 kPa.

A first observation is that the large pore seci®nery slightly affected by the drying phase
between 14 and 8% with no significant change InRB® curve. This is not surprising since
the initial degree of saturation is equal to 0 A§.commented in Mufioz-Castelblanebal.

(2011), under the hypothesis of having water latatethe small pores, this pore population

is already dry and hence not affected by furthgindroccurring in small pores.

Another common characteristic of the samples subthib drying from the initial intact state
is that the amount of intruded porosity is sigrafidy decreased to the same value, with a
total unintruded porosity of 28% in the three drgainples irrespective of the water content.
The intruded porosity that initially represents 88%o the total porosity at initial state
decreases to 70% when the water content is redédedurves show that there is very few

pores with diameters smaller than 0.6 pm compaitdd avcumulated pore volume of 5% in
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the intact sample (note that the flat sectionshef ¢urves of samples 2 andv8 £ 11 and
10%) below 0.6 um are probably an artefact of tHE Experiment that was apparently not
able to detect such a tiny intruded volume). Trepoase atv = 8% seems pore realistic.
After drying, the reduction of the intruded porgsaind the very small porosity detected below
0.6 um is linked to the shrinkage of the clay p&ite In other words, the larger inter-platelets
distance existing in hydrated platelets that alldfiee some intrusion at diameter smaller than

0.6 um have been reduced by drying and shrinkagelting in a larger unintruded porosity.

In Figure 5, the cumulative mercury intrusion amtrgsion curves of the samples along the
main wetting branches at= 8% &= 195 kPa), 10%s(= 94 kPa), 20%s(= 14 kPa) and 27%
(s = 1 kPa) are presented together with the cun20% & = 23 kPa) after drying. The dry
largest pores (diameter larger than 10 pm) remataci as previously. It is interesting to
observe that after releasing suction (from 61336 EPa) and starting the wetting path from
the point at 8%, the mercury intruded porosity cdraek to higher values closer to that of the
initial state (with an exception in the case of tieve atw = 27% due to a technical problem
at a pressure at which the curves present a discaytthat is not representative of any pore
distribution — it seems that here the mercury pressvent on increasing with no detection of
any mercury intrusion thus underestimating thel totauded porosity). This trend is related
to the subsequent swelling allowed by suction sdeduring wetting. The reversible response
in terms of intruded porosity observed along thgrdy — wetting path from the initial state is
typical of swelling clay minerals and probably tethto the smectite fraction detected in the

illite-smectite stratified clay minerals.

In Figure 6, the evolution of the density functiarfsthe pore size distribution curves of the
Bapaume loess upon drying and wetting obtained froencury intrusion are plotted. The

density functions calculated from the extrusionvesris also presented.

A predominant entrance pore diameter of aboum8corresponding to the inter-grains pores
is observed (note that the 4.9, 4.7 and 3.7 umgpeb&erved in the Figure at points 1, 7 and 8
are due to some dysfunctions of the porosimetédris Value does not significantly change
along the drying-wetting path, confirming that wathanges have little effect on the loess
granular skeleton and, consequently, on macroscegigme changes. The corresponding
inter-grains pores can be seen in the SEM photas mlesented on the right of the Figure
(band length is 5 um). Another population of veasgke pores observed around 100 is not

sensitive to change in water contents either.
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Figure 5. Intrusion and extrusion cumulated PSIyesiduring wetting stages.

The extrusion curves show the existence of poreshith mercury is not trapped, with a
mean diameter of about 0.Qin that is possibly related with the plane spaceéwden clay
platelets and the inter-platelets distance. No# #xtrusion progressively decreases while
drying from 14% to 11 and 10%, to almost disap@ddhe driest point at 8%. This probably
indicates the progressive shrinking of the claygids at small sizes that could no longer be
intruded by mercury. It is interesting to observattthe suction release at 8% between points
4 and 5 correspond to the reappearance of extrusidicating some swelling allowed at the
platelet level by the suction release. It is howeawat fully evident to understand how this
occurred at constant (or very slightly increasiwg}er content. This is anyway a trend that is

typical of the hysteresis.

The shaded areas below the pore size density tursctf Figure 6 correspond to the water
content of the various samples. They were deteminfran the cumulative pore volume by
assuming that water was preferentially locatedhie $mallest pores due to the combined
effects of clay-water interaction and capillarifgxamination of these areas show that the
inter-grains pores are partially saturatedwat= 14%, almost dry at 11 and 10% and
completely dry at 8%. They are wetted again whdlokong the wetting path at 20%. Note
also that at 27%, the largest pores above 10 umaridled by water.
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Examination of the upper SEM micro-photographsigufe 6 (Point 1, natural in-situ state at
w = 14.4%), shows the presence of hydrated clayeggdgions between silt grains that might
increase the tortuosity of the pore network Theirggalso shows the detail of a “grain/clay

aggregate” made up of various grains embeddeckicldy matrix.

The central photography corresponds to point 4 dftgng at the smallest water content

8%. The predominant presence of the silt graingnisanced by the shrinking of the clay
aggregations and the coating of the clay platelktsg the grains, as already observed on the
compacted Jossigny silt by Delaggeal. (1996) and on the same loess by Mufioz-Castelblanco
et al. (2011). The clay fraction also presents a jaggqeedcsthat is typical of dry clay
platelets. It is likely that clay shrinkage and gérticle coating, in particular at the inter-
grains contacts, is prone to strengthen inter-gramnding and increase the resistance of the
areas containing enough clay fraction. This effdwuld be less in the zones with less clay
fraction in which grains appear to be clean, thrabpbly constitute the weaker zones of the

loess in which failure locally starts.

The photo of the dry sample at 8% show more cledysilt grains with diameters varying
from 10 um to 30pum while the inter-grains pore sizes vary from ab®ym to 10um, in
agreement with the pore size distribution obtaifrech MIP. The large pores observed also

illustrate the open micro-fabric of the loess,efation with its collapse susceptibility.

The bottom photograph corresponds to the satusatad (v = 27%, point 8). Clay particles
no longer exhibit the jagged appearance that tkbipged in the above photo (point 4) in the
dry state atv = 8% and also, in a lesser extendvat 14% (point 1). As already observed in
the Jossigny silt compacted wet of optimum (Delapal. 1996), the clay fraction appears to
be much more present in terms of volume, due tp ltyaration and swelling. In the photo of
Figure 6, the silt grains appear to be embeddeddiay matrix. Note however that, due to the
heterogeneous distribution of the clay fraction agdhe grain skeleton, this is a local
phenomenon since the PSD curve still clearly detdwt presence of the inter-grains pores

that, in this case, are full of water.

The structure changes along the drying and wepgiats have hence been explained based on
the behaviour of a loose but non deformable griéleton (at least under no stress applied)
among which some changes occur due to the swelhingkage behaviour of a 16% clay

fraction that is heterogeneously distributed amibreggrain skeleton. Grain coating also occur
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at dry states. The swelling shrinkage behaviouhefclay fraction is linked to the presence of
some stratified illite smectite minerals. In claysynes, the hydrated clay fraction may turn
into a matrix embedding the grains.

The observed density peaks at pore sizes of altiyurh correspond to the presence of very
large pores that are highlighted in the SEM phatpbs in Figure 7. These pores are quite
present either at initial water content (Figure @balong the drying path at = 8.0% (Figure
7a). Note that, as shown in Figure 6, these vagelpores are not saturated by watew at
27%. Although some of them are detected by MIk gossible that many comparable large
pores are trapped.

Clay
Large pores trapped Large pore T gregation

Silt grains

E11 31 10.0kV x31 500um [E—

(a) Point 4, drying alv=8.0%,S = 0.25,s= 613 kPa

Clay

Large pores trapped aggregation

Silt grains

Large pore

E180 10.0kV x80 200um ———

(b) Point 6, natural state;= 14.4%,S = 0.46,s = 40 kPa
Figure 7. SEM observations of the Bapaume loesalyais of large pores
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Discussion

The main branches of the water retention curve apa@8ime loess obtained by Mufoz-
Castelblanceet al (2011) are presented in Figure 8. A number ofaedeers (Purcell 1949,
Regabet al. 1982, Prapaharagt al. 1985, Aunget al. 2001) have previously attempted to
predict water retention curves from mercury intomsporosimetry (MIP) data. Following the
same approach, three retention curves, obtained tise Laplace law and MIP data, are also
presented in Figure 8. These curves correspontheédaess specimens observed at water
contentsw = 8.0% (drying, point 4)w = 14.4% (initial state, point 1) and = 27.0%
(saturated, point 9).

Degree of Saturation

0 02 0.4 0.6 0.8
100000 ¢ | | | | | | | I |

-

Bapaume loess WRC
(Mufoz-Castelblanco et al. 2011)

mwetting Odrying

0.01

10000 . -
Hysteresis zone N
A -
u - /é\
o —— Point 1 (Initial, w = 14.4%) %1 §
E 1000 = — — Point 4 (drying, w = 8.0%) ] g
= = —— Point 9 (saturated, w = 27.0%) - 1S
S B 3 R
9 B 4, 3
g o
» o
100 S

10

T T TTTTI

100

15 20 25 30
Water content, w (%)

Figure 8. Retention curves from MIP porosimetryadat

o
6]
-
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As proposed by Scheidegger (1957), retention cumayg be estimated using MIP data by
assuming that the soil can be represented as debahdapillary tubes of cylindrical shape
with no connection between them. However, the patevork of natural soils is a complex
system of irregular pores of randomly distributeffedent sizes. In order to obtain a water

retention curve from the pore size distributiormsoaspects must be considered:

1. Under the hypothesis of having water located ingimallest pores due to both capillary
action and water adsorption on clay particlespatkes located in pores with a diameter (8
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pum) smaller than that corresponding to the natwetkr contentw = 14.4%) should be
saturated whereas pores of higher diameter shauldry (see PSD curve of point 1 in
Figure 6). Referring to SEM observations, this nsetrat the largest porosity between
clean grains should be dry whereas the clay agtioegashould be water saturated. Then,
the almost satisfactory correspondence observetherright side of the drying curve
concerns capillary effects in a dry granular asdgndompatible with observations in dry

samples or sandstones.

2. On the left side of the natural water content,\ilaer retention curves derived from the
three MIP retention curves in Figure 8 indicateaajiven suction value, a significantly
smaller water content than the real one, in ratatisth the water-clay interactions that
allow for a larger water storage in the clay frantiat the suction considered. As an
example, the PSD derived curves indicate a wateteod close tav = 1% under a suction
of 1 MPa compared to the real water content 7.5%. The strong effect of water
adsorption on clay particles (with a 16% clay fiac) is compatible with thev = 3.5 %
water content that the soil is able to retain guetion as high as 20 MPa (driest point

obtained with the wet filter paper).

3. A difference between the three PSD-derived retantiorves (respectively obtained at
w = 14.4% at initial state (1)v = 8% after drying (4), ant = 27% after saturation) is
observed in Figure 8. The curves at initial state after drying (points 1 and 4) along the
main drainage path correspond to a larger meaaresgrpore diameter than the curve at
saturated statev(= 27%). This trend is related to the swelling-skaige behaviour of the
clay aggregations that reduces the inter-graing paes during wetting stages, whereas
pore size increases during drying due to clay aggiens’ shrinkage. Then, during drying
at a given water content value, the water transfedone through a wetted structure,
affected by the volume increase of pores within theelled clay aggregations.
Conversely, during wetting, water transfer is dém®ugh a dry pore network modified
by the clay shrinkage phenomena. Then, the anadysisying stages must be done based
on microstructure observations during wetting ssagend conversely for the wetting

stages.

The experimental water retention curve shows adwesiwater content oiv = 3.5% § =
0.11) at a suction of 17.3 MPa. This value is szlato the water adsorbed into the clay
fraction (16%) that is composed of kaolinite, @ismectite and smectite minerals. According
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to Mitchell and Soga (2005), water is strongly adted to clay particle surfaces, and the
resulting interactions may influence the water prtips up to distances of several tens of
Angstroms. The clay — water interaction propertiesluding hydrogen bonding, cation
hydration, attraction by osmosis, dipole orientatio an electric field and attraction by
London dispersion forces, tend to decrease wittadice from particle surfaces, and surface
interaction effects may be significant up to distsiof about 100 A (Low 1987). If all the

water in a clay is assumed to be spread uniforméy the available surface aréq, then the

average thicknesg, of the water films on the particle surfaces woodd(Mitchell and Soga
2005):

t=w/(p,A)

in which p,, is the density of the water. The specific surfacea of kaolinite is about 10 to

30 nf/g of dry clay, that of illite is about of 65 to A@n/g, and, that of smectite is about of
50 to 840 mM/g. Considering a thickness of the bonded water &f about 100 A, this would
correspond to water contents of about 800% in Iy &Bkpanded pure smectite and 15% in a
pure kaolinite (Mitchel and Soga 2005). As the diagction of loess is about 16%, bonded
water on clay aggregations would represent adsonager contents from 2.4% (kaolinite) to
128% (fully expanded smectite). The observed agsbwmater content is about 3.5% confirms
the predominance of kaolin within the clay fraction

These facts may also explain other phenomena ssi¢theaobserved inflexion point in the

water retention curve at w = 10% or the high hysisrat water contents lower than 10%.

Multiscale modelling of the water retention curve

From the previous comments, it appears that amclezatidescription of the porous network of
natural soils is required to obtain a more realistodelling of their retention properties. This
has been achieved in the present study by exteradimgdel proposed by Rojas and Rojas
(2005) to simulate the water retention curve of &ape loess. The previous analysis of the
loess microstructure sets the bases of the modeaproach. According to these authors, the
Dual Site-Bond Model (DSBM) consists in a simplifistatistical description of the pore
network. This latter is comprised of two types ofdvelements: thsitesor cavities and the
bonds or throats. The sites are surrounded ®ybonds, whereC corresponds to their
connectivity. This model is characterized by fousgerties: a) the heterogeneity in void size,
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which means that both sites and bonds entities Idhbave their own size distribution
functions; b) the size correlation between porenelas indicating that there should exist a
statistical correlation between neighboring pordities; c) some geometrical restrictions
existing between pore elements ensuring that atgrpanetration between adjacent bonds
converging to a given site is forbidden; and d)-maiform site connectivity traducing the
fact that the number of throats surrounding a gaséin change from site to site. The model is
based on the definition of the following functicensd conditions:

the density functions for sitég(R) and bond$-g(R), whereR represents the pore size;

the probability (or number fractions) of a s&&) and of a bon®B(R) that can be written:

S(R)= T F<(RMR; and B(R) = [ Fy(RMR;

o—231

- the density function for sitdss(R) would be located towards higher aver&gealues than
Fg(R), that implies the restrictiofR) > B(R);

- it is needed to avoid the intersection between tvtbogonal adjacent bonds of ragi;
andRg; when they meet at a si, which writes as:

JR R <R

From the description of the pore network into twarepsize density functions, Rojas and
Rojas (2005) proposed the description of wettind drying processes in porous media. The
drying boundary curve is obtained by considernttmgnain complexiongor bonds and sites
under drying. For bonds,sp represents the probability that a bond remainmiedced to the
liquid phase during a drying process to a capilfagssure corresponding to the actual critical
radiusR.. The conditions required for a bond to remainitigiiiled can be stated as: a) water
cannot be drained when the bond is smaller or eigutie critical radius; this condition
corresponds to the probabiliB(R;); and b) water can be drained from the bond wkesize

is bigger than the critical probability (1B(R:;)), however it remains saturated if air cannot
invade any of two adjacent sites and th@il adjacent bondsLEc" (1 - SR))]? The
probability for a bond to remain water-filled dugirdrying results from the addition of

conditions a) and b) and can be written as:

2

Lao = B(R.)+ (1= B(R.)[Le™ (1~ S(R.))
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For sites during drying, the probabilitysp of a site to remain liquid-filled requires the
following conditions: a) water cannot be drainedewtthe site is smaller or equal to the
critical radiusR; this condition is represented by the probabiiiz); b) gas should be able
to invade the site, so, it should be larger thandtitical size (1 §R.)); and c) at least one of
the C contiguous sites surrounding the site in questtoould be liquid-filled I(sp) and bonds
that joint them are also liquid-filled. Therefotgy results from the addition of condition a) to
the product of conditions b) and c¢) and can betamrias:

Lo = S(R.)+(1-S(R 1~ (1- Leo)a- BRI

The overall degree of saturation of the pore nétveuring drying processes can be obtained
by dividing the addition of the volumes of watewnrr sites and bonds by the volume of voids,

in the form:

= Vslsp +Veleo

Sio =10

where the volume of void$y results from the addition of the overall volumdssites and

bonds.

The domain complexion for bonds during wettingaséxd on two principles: a) the liquid can
get through the bond because it is smaller tharctiieal size B(R:)); but b) if it can get
through the bond, it is needed to consider if ligc@n get through the contiguous sEER))
(and to all remaining bonds meeting this site)anmmot (1 -SR;)). Therefore, the probability
of a bond getting liquid-filled during a wettingqmess results of subtracting the condition b)

from the condition a) and b) and can be written as:

Lo =BR N2~ - SR)+ SR Ja- Lo T

For sites during wetting, there are two conditicajswater can get through the considered site
because it is smaller or at least equal to thecalisize, §R;)); and b) at the same time, it is
necessary that at least one of theontiguous sites be full of watekd), then the linking

bond is also invaded. This can be written as:

LSI = |,1_ (1_ LSI B(Rc))CJ S(Rc)
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Finally, the degree of saturation during wettingpqasses of the pore network can be

expressed as:

- Vslg +Vslg,

Su =2

Based on this model, a coupled analysis of theslo@srostructure and of its water retention
curve is proposed. Rojas and Rojas (2005) considdrthe density functions for sites and
bonds can be represented by normal logarithmiciloigions as it has been observed on
different soils by Garcia-Bengocheaal.(1979), Delagest al. (1996) and Simms and Yanful
(2001) among others. It is proposed to establishdémsity functions from the mean size and
the standard deviation obtained from experiment&D Pcurves. Mercury intrusion
porosimetry is mainly a drying process (Prapahataal 1985, Delageet al 1995, Romero
1999, Aunget al 2001) and gives the distribution of entrance mizes, related to throats or

bonds Mercury extrusion is a wetting process giving tfa@ped pore sizes, cavitiessites.

As seen in Figure 6, extrusion curves for the di/@@re size range are not available. This
process was stopped at 0.7 MPa (i.e. pore diametémnum) at the end of the high pressure
cycle. The experimental setting consisted on th@iegdion of two cycles of low (0.003 — 0.7
MPa) and high (0.7 — 227 MPa) pressure. In ordedéatify the distributions of bonds and
sites, a first approach was conducted using thairdd mercury intrusion PSD data. The
density function of bonds was determined from t&®Rntrusion curve of point 9 (wetting,
w = 27%), according to the analysis of Figure 8tHa same way, the density function for
sites was estimated from the PSD intrusion curvpoift 1 (initial statew = 14%). Even if
both PSD curves correspond to mercury intrusiorcgsses, the PSD of point 8 (wetting,
w = 27%) is characterised by a smaller mean ponaeter (4.6um) in comparison with the
larger mean pore diameter (8n) of the PSD of point 1 (initial statey = 14.4%). Then,
bonds can be represented by the smaller entranmes daring wetting (due to swelling), and

sites by the bigger entrance pores at the initées

Results of this initial approach are presentedigufe 9. The curve accounts for a residual
water content of 3.5% related to the water adsodredhe clay fraction. The model well

describes a hysteresis gap between the drying aithg boundary curves. However, these
curves are far from the observed experimental mespoespecially for water contents lower

than 10%. Actually, the assumption of the existeot a unique mean size contradicts the
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microstructure analysis that showed the coexistentepped large pores, inter-grains pores,
pores within clay aggregations, and spaces betveésn platelets (observed by mercury
extrusion).
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As a consequence, an extension of this model is prowosed. It consists in separating the
overall pore network into four levels of microstiw®: a volume associated to spaces
between clay platelets (Figure 10), pores withay@ggregations (Figure 11), pores between
silt grains (Figure 12), and large pores (Figurg TBe density functions are analysed by the
dual bond-site model using two normal logarithm&DPcurves (for bonds and sites) for each
domain. For the volume related to spaces betwemnptatelets, the density function for sites
is obtained from the mercury extrusion curve presegnn Figure 10. Density function for

bonds is determined by the mercury intrusion cuBends must be smaller than sites
following the model’s principles. Density functiomsere obtained separately for drying and
wetting processes to account for the clay partiactekime changes during these processes.
Data to obtain the drying side of the water retantturve were determined from the PSD
curve of point 5 (wettingyw = 8%), according to the analysis of Figure 8. Goeely, data to

obtain the wetting side were determined from th® e&rve of point 2 (dryingyw = 11%).

102



Chapitre 2. Propriétés de rétention d’eau

0.5 - 0.5
Distribution for Distribution for
0.45 sites and bonds sites and bonds
: during drying 045 1 during wetting
at pores between at pores between
0.4 - clay platelets 0.4 clay platelets
0.35 - 0.35 A
MIP intrusion MIP intrusion
5 031 curve S 03- curve
E E
3 0.25 2 025 -
S ko)
= point 5. S Point 3
4 i = 89 i E
T 02 Wetting (w = 8%) T 02 Drying (w = 10%)
0.15 0.15
MIP extrusion MIP extrusion
01 { curve 01 - curve
Bonds
0.05 {Bonds | Sites 0.05 A \ Siies
0 T P e S 0 .’.'r.:\.'.?'.‘.\ . e e
0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100

Pore diameter, D (lum)

Large clay platelets aggregate

E12500 10.0kV x250

Pore diameter, D (pum)

Spaces between the clay platelets

1pym ——

E1 10000 10.0kV x10000

Figure 10. Proposed PSD curves for the spaces eetolay platelets. Modified Dual Site-Bond

Model

The separation between density functions for wgttmd drying was also applied to the
analysis of pores within clay aggregations (seeiféig.1). For both the inter-grains pores and
macropores this distinction was not made, assuraingid grain-skeleton. As the extrusion

process only concerns the spaces between claygi¢atthe other density functions for sites

were obtained by analysing together the PSD irdrusurves and the MEB photographs. The

parameters of the used PSD curves are preseniabla 2.

The obtained drying and wetting boundary curvemftbe extended model are presented in

Figure 14. A residual water content of 2% is asslinmeorder to scale the curve to the
experimental data at high suctions. This water exintorresponds to the relatively high

potential of clays to adsorb water as previous$gdssed in this document.
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Figure 11. Proposed PSD curves to pores within atgyregations. Modified Dual Site-Bond Model

The pore sizes of bonds and sites at each micobdsteulevel are presented in Figure 14. It

shows that the inter-grains pores located aroumdsth grains skeleton control the main

drainage portion for water contents ranging fran¥ 25% tow = 10%, corresponding to
suctions from about 10 kPa to 80 kPa. Large poossral the drainage at high degrees of
saturation. Pores existing within clay aggregatioostrol the drainage from water content

w=10% tow = 5%, corresponding to suctions from 80 kPa to RaMThe potential of

swelling and shrinking of clay aggregations is pugsthe main cause of the important
hysteretic effects at these water contents. Thas ilawell captured by the model. Finally,

both elements, the spaces between clay plateldttharadsorbed water bounded to them, are

responsible for the retention behaviour at highisas (> 4 MPa).
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Bonds Sites
Mean Mean Porosity
Domain Process| pore géi?zﬂ%rr? Porosity pore ?éig%rg Porosity | at each
diameter (log D) Vi diameter (log D) Vs level
(Lm) (Hm)
Spaces Drying 0.010 0.35 0.01 0.014 0.40 0.03 0.04
between clay ) ]
platelets Wetting 0.005 0.15 0.01 0.013 0.30 0.01 0.02
Porels within | prying 0.1 0.45 0.02 1 0.8 0.06 0.08
clay :
Inter-grains | gy, 6 0.2 0.09 18 0.4 0.04 0.13
pores
Large pores Both 50 0.4 0.03 200 0.7 0.0% 0.08
) ) Drying 0.32
Porosity (without adsorbed water)
Wetting 0.30
Table 2. Proposed parameters for the Dual Site-Béodel
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Figure 14. Drying and wetting curves from the midifDual Site-Bond Model

Conclusions

An analysis of the water retention properties & Bapaume loess determined by Mufioz-
Castelblancet al (2011) is proposed by means of a detailed miarosire study carried out
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by using mercury intrusion porosimetry (MIP) andarsting electron microscopy (SEM).
Microstructure observations were carried out atiffei@nt points along a drying-wetting

cycle.

Microstructure observations revealed a porous sgaceposed of four different levels of
porosity: large pores with mean pore size of al@@@pum, inter-grains pores with mean size
of about 18um, pores within clay aggregations with mean sizalwdut 1um and spaces

between clay platelets. The porosimetries and SB8&wations performed during drying and
wetting evidenced the swelling of clay aggregatidnsng wetting, and their shrinking during

drying. These evolutions affect the retention resgoof the material and are associated to:
- the decrease of the mean pore size of the inténggpores during wetting;
- the increase of the mean pore size of pores witlaip aggregations during wetting;

- the increase of trapped large po®gsdan= 200um) during drying stages.

The retention curves that were calculated fromRB® curves by using Laplace’s law did not
fit well with the water retention curve of the Ise®specially at water contents lower than
10%. The difference is related to different factdhe presence of water adsorbed in the clay
fraction, the existence of trapped large pores, thedfact that mercury intrusion only gives
the entrance pore radius, thus somewhat overestigntite porous volume associated to the

estimated diameter.

In order to account for the complex organizatiorihaf porous structure of the loess, the Dual
Site-Bond Model proposed by Rojas and Rojas (205 used to model the water retention
curve. The approach consisting in separating the petwork into sites (or cavities) and

bonds (or throats) was initially used with a mixgéelgree of success. An extension of the
model to multiscale pore populations accountingtfe cumulative effects of the different

levels of porosity was then proposed based on treviqus analysis of the loess

microstructure. The main drying and wetting brarscbéthe water retention curve obtained
with this approach agreed well with the experimedéda. Results confirmed the coexistence
of four porosity domains (spaces between clay [dteclay aggregations porosity, inter-

grains pores and large pores) that control thentiete behaviour of the loess. Further

applications of this approach could be used witkeosoils characterized by a multi-modal
pore size distribution.
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3.1 Introduction

Un nouvel appareil triaxial a été concu pour tekteromportement hydromécanique du lcess

en condition non saturée. Il est doté des mesweslds de succion, teneur en eau et

déplacement a mi-hauteur de I'éprouvette triaxiblee sonde permettant de mesurer les

variations de la teneur en eau dans le sol a é&ajipée. Celle-ci est basée sur une mesure

de résistivité électrique, dont la valeur est ddasaux changements d'humidité du sol. Cet

ensemble de capteurs a été utilisé pour suivreiaaum local la variation des grandeurs

hydromécaniques au cours des difféerents chemigsldeitation.
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Apres les travaux précurseurs de Bishop et Don3é1), un grand nombre de dispositifs
triaxiaux a été concgu par différents auteurs a@ncdractériser le comportement mécanique
des sols non saturés. Ce genre de dispositifoasest équipé de systemes de contrdle de la
succion comme la technique de translation d’axesh(® et Donald 1961, Maatowk al.
1995, Wheeler et Sivakumar 1995, Romero 1999, Heyddacari 2001, Aversa et Nicotera
2002, Barrera 2002, Matsuoka al. 2002, Cabarkapa et Cuccovillo 2006, Padlial 2006,
Rojaset al. 2008, Xuet al. 2008), la méthode de contrble par phase vapeur Biadz et
Graham 2000, Chavest al. 2009) ou la technique osmotique (e.g. Cui et e[E96). Bien
gue les chercheurs optent souvent pour un contt®léa succion, il existe des dispositifs
triaxiaux qui utilisent lanesurede la succion a I'aide de tensiométres (Colmenetréddley
2002, Meilaniet al. 2002, Jotisankaset al 2007) ou de psychrométres (Verbrugge 1978,
Tanget al. 2002, Thomet al 2008). Dans ce travail, un tensiometre de haapadtée (500
kPa) a été utilisé afin de mesurer la succion pantlassai. Ce tensiometre, de petite
dimension (5,7 mm de diametre), avait été dévelapggaravant par Chiat al. (2002) et
utilisé au cours d'une campagne d’essais en cggrise.

Pour les sols non saturés, tout changement du degséturation est associé aux changements
du volume et de la teneur en eau du sol. Etant @aquion mesure localement les
déplacements a l'aide de capteurs de type Effel, Habtait préférable de mesurer aussi
localement la teneur en eau. Ainsi, il fallait unesure indirecte de la teneur en eau a l'aide
d’'un capteur approprié aux conditions de mise eagde I'éprouvette de sol dans la cellule
triaxiale. D’aprés différents auteurs (McCarter 498ukueet al. 1999, Cheret al 2007,
Michot et al. 2001), il existe une forte relation entre la &tdn de la teneur en eau et la
valeur de la résistivité électriqgue du sol. Seles auteurs, le courant électrique se propage
plutét par la phase d’eau présente dans le volumneug du sol, gu’'a travers les particules
solides. Sur la base de ces éléments, on a dééelopp sonde de résistivité électrique
adaptée a la mesure indirecte de la teneur en edémouvette triaxiale. Cette sonde, tres
légere, de 11 mm de diameétre, a été spécialemeargueopour l'installer facilement a mi-

hauteur de I'éprouvette.

Dans ce chapitre, on dédie pmemiere partiea la description de la nouvelle sonde de
résistivité électrique ainsi qu’'a I'analyse dedtation entre la résistivité et la teneur en eau du
sol. Les résultats des étalonnages de la sonds €tlides complémentaires font partie d’'un
article soumis au numéro spéciaBymposium on Innovations in Characterizing the

Mechanical and Hydrological Properties of UnsatwdtSoil$ de la revueGeotechnical
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Testing JournalCe numéro est dédié aux derniers avancementslaamgactérisation des
propriétés hydromécaniques des sols non saturasi, Aette premiéere partie est composée de

cet article dans sa version en anglais.

La deuxieme particomporte la description des spécificités du nouvespositif triaxial
congu pour tester des sols non saturés. Cetteipleserainsi que les étalonnages des capteurs
et les résultats de trois tests triaxiaux prélinmesont été inclus dans un article soumis a la
revue GéotechniqueDe la méme maniére que dans la premiére paaidelxiéme partie

comporte le texte de cet article dans sa versicanegtais.

3.2 Mesure de la teneur en eau: Nouvelle sonde de résigé électrique

Les méthodes de mesure indirecte de la teneurenliesol ont été largement développées
dans les dernieres décennies, spécialement dansloesmines de la géologie et de
'agriculture. Parmi les méthodes existantes, laune basée sur la résistivité électrique est un
moyen simple pour caractériser 'humidité du solsenfondant sur la forte relation entre la
guantité d'eau et la résistivité du sol. Dans @vai, on propose une nouvelle sonde de
résistivité afin de mesurer les variations localesla teneur en eau d’échantillons de lcess
soumis au cours d'essais triaxiaux. La sonde stli@e a mi-hauteur de I'éprouvette triaxiale
; une description détaillée de son utilisation dbenslispositif triaxial sera donnée dans la

prochaine section de ce chapitre.

La sonde proposée est un systeme composé par deas fd’électrodes, inspiré de la sonde
de résistivité de surface développée par Maryrdtalkal. (2003). Elle induit un courant

électrigue a travers le sol a proximité du congéatte la sonde et I'échantillon . Afin d'obtenir
une courbe d'étalonnage, de nombreuses mesurévalation de la résistivité avec la teneur
en eau volumique ont été reéalisées sur des édbastildu loess provenant de deux

profondeurs différentes.

On a utilisé deux modéles théoriques liant la tigdié a la teneur en eau (Archie 1942, Fukue
et al 1999) afin d’analyser les résultats obtenus. ©bservé une déviation importante de la
courbe de résistivité modélisée par la loi d’Arcper rapport aux données expérimentales
(obtenues avec la nouvelle sonde), surtout a dagéslede saturation faibles. Ce

comportement semble étre lié a la fraction argéesisaux changements de la microstructure
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pendant les processus de séchage. La courbe eafraride model de Fukuet al montre une
meilleure correspondance avec les données expédhaenCe fait s’explique car le modéle
de Fukueet al tient compte de la variation d’'un coefficientsteuctureF qui change avec le
degré de saturation, spécialement a des teneumaennférieures a une valegritique
associée a la microstructure. L’'existence d’'unk tedleur suggere que le phénomeéne de
conduction électriqgue peut étre séparé en dewmesgidistincts : le transfert par I'eau
présente dans les pores inter-agrégats, ou la pfese estontinue et, la conduction par un
réseaumajoritairement discontinucomposé par I'eau présente dans les pores arlénr des

agrégats argileux.

Il est ensuite proposé une discussion sur leslgessielations entre cette courbe d'étalonnage
entre la résistivité électrique et la teneur en ealumique et la courbe de rétention d’eau

présentée dans le chapitre précédent et publiéelp@doz-Castelblancet al. (2011). A partir

de ces analyses, on a confirmé que la résisti@érégue est principalement associée a la
quantité d’eau dans le sol. Les résultats expétimuenne montrent pas d’effets d’hystérésis

dans la courbe de résistivité, méme si on a observe@hénoméne d'hystérésis dans les

propriétés de rétention d’eau du loess.

Cette étude montre aussi que des variations ddidende vides initial n'ont que peu
d'influence dans la courbe de résistivité en famctile la teneur en eau. Finalement, les
résultats présentés dans cette section prouvenapacité des sondes de résistivité pour

mesurer la teneur en eau dans le sol.
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Mufioz-Casteblanco, J., Pereira, J.M., Delage, Bu&Y.J. (2011). Submitted @Beotechnical Testing Journal

Special issueSymposium on Innovations in Characterizing the edcal and Hydrological Properties of

Unsaturated Soils

Measurement of the water content of a natural unsairated loess

by a new resistivity probe
J. A. Mufioz-CastelblancpJ. M. Pereirg P. Delageand Y. J. Cui

Non-destructive methods to measure water contesbits have been extensively developed
in the last decades, especially in geologic andcaldural sciences. Among the existing
methods, measurement based on the electricalividgiss a simple and reliable technique to
characterize soil moisture based on the strongtioakhip between water amount and
resistivity of soil. A new electrical resistivityrgbe was developed and used in this study
allowing monitoring of local water content variat® during triaxial loadings. This probe
consists of a two-pair electrodes’ set inspirednfrthe concept of concentric and surface
probe developed by Maryniak al (2003). It induces an electrical current throtigh soil at
the vicinity of the probe’s contact with the speem Experimental data of the resistivity
variation with the degree of saturation were ol#diby means of this sensor for specimens of
a natural unsaturated loess from Northern Frane®. theoretical models of resistivity were
used to analyze the obtained data. On the basieaxperimental data obtained in this study
and the water retention properties of the consaleyess (Mufioz-Castelblanet al. 2011), a
discussion about special features of the relatipssbetween electrical resistivity, water
content and suction is made.

KEYWORDS: soil electrical resistivity; unsaturatesbil; loess; resistivity probe; water
retention properties; suction

Introduction

A number of studies have shown the relevance afgusiectrical resistivity to determine the
water content of unsaturated soils (Gupta and Ha8K2, Rhoadest al. 1976, 1977, Fowles
1980, McCarter 1984, Roberts and Schwartz 1985m@nrl988, Kalinski and Kelly 1993,
Fukueet al 1999, Michotet al. 2001, Robairet al 2001, Samouéliaet al. 2003, Cheret al.
2007, Haret al. 2009). These studies showed that at low waterecdstresistivity decreases
rapidly with increasing water content. The ratedetrease generally reduces at high water
contents (McCarter 1984).

However, the resistivity of a soil does not depesudely on the water content. Other
geotechnical parameters like soil density, voidoratlay fraction, soil structure also have

" Ecole des Ponts ParisTech, Laboratoire Navier RI@ES, Université Paris-Est
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significant influence. According to Fuke al (1999), the resistivity of soils depends on soll
characteristics such as the degree of saturatienelectrical resistivity of the pore fluid; the
porosity; the shape, size and distribution of sqbdrticles; the diffuse double layer
characteristics and the ion concentration andildigion in the diffuse double layer and pore

water.

For unsaturated soils, the resistivity widely chesxwvith the water content. The discontinuity
of the pore water phase is associated with a domvhire the resistivity changes are very
sensitive to changes in water content (Fu&ual 1999). This is particularly the case for low
porosity and low water contents. It is worth notthgt such a trend is observed for the water
retention curve of soils containing an importardyckraction. After Romero and Vaunat
(2000), the water retention curve of compacted ssakhibit two distinct domains
corresponding to intra-aggregate water and intgregate water and that are associated with

high and low suction values, respectively.

This paper is aimed at describing the electricapoase of a natural unsaturated loess
submitted to changes of water content. The obtamesdlts in terms of soil porosity and
degree of saturation are then analysed by meatvgooliterature models. A discussion about

the links between resistivity data and water revenproperties of this loess is finally made.

Elements of electrical resistivity in soils

When considering electrical conduction in soil ace (McCarter 1984, Kalinski and Kelly
1993, Fukueet al 1999, Robairet al 2001, Samouéliaet al 2003, Cheret al. 2007), soil is
depicted as a multiphase material composed ofsadid and water. The electrical resistivity
of the assembly of these three phases is analygembisidering the effect of each phase
considered as parallel resistors. The apparentrielgcresistance of the soil depends on the
solid, air and water electrical resistance valdesoted a&s, R, andR,, respectively. It reads
as follows (e.g. Cheat al.2007):

R=(R'+R*+R)" (1)
The electrical resistand®(the relation between voltageand current intensith) is expressed
in ohms (2 = 1V / 1A). When an electrical current is imposedtsoil specimen by a simple

system of two electrodes (anode-cathode), theralaktesistivity o can be estimated by the

product between the electrical resistance and mgg coefficienk associated with the size
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and arrangement of electrodes. The electrical treitysequals the inverse of the electrical

conductivity and is expressed in ohms-mefamj.

In granular soils, the electrical conductance witbolids is assumed to be negligible whereas
in clays the effect of water bonded to clay platel@dsorbed water) leads to a decrease in
electrical resistance (Samouéliab al. 2003). On the contrary, air is considered as an
electrical insulator (Samouéliapt al 2003) and its electrical conductance is usually
neglected. Since the water electrical conductiistgeveral orders of magnitude higher than
that of solid or air phases, the soil apparenttetad resistivity is largely dependent on the
amount and continuity of water in the porous spAsean illustration, the electrical resistivity
of dry sands is about 3@m whereas it is around 1Qm in saturated sands (Fukeeal
1999).

Robainet al (2001) associated the soil electrical resistiwtth soil structure, indicating that
low and high resistivity values are related to rmaand micro pores respectively. Electrical
resistivity decreases with the increase of the amhobtiavailable water. Within macro-pores,
low resistivity values are associated with waterlenoles that are more accessible to the
electrical current than within micro-pores. Sindg tsoil water distribution is highly

dependent on the pore size distribution, electrnesiktivity is affected by the soil structure.

The electrical resistivity of a soil aggregate hygtlepends on its microstructure. This results
from the tremendous contrast in resistivity betwiea water (2 to 10@m) and silicates that
are almost non conductive materials with huge tiedis (10*° to 10* Om).. As a
consequence, an electrical current will almostlgpféow through the pore water within the
aggregates. Pore microstructure thus dictates #tle pf electric currents (Guéguen and
Palciauskas 1994).

In the absence of detailed information about poreastructure, a simple empirical relation
between electrical resistivity and porosity waspased by Archie (1942). It states that the
ratio of the saturated resistivilgy to the free water resistivitp, can be associated with
porosity by an empirical exponeat corresponding to a given material. Archie’s laws, a

shown in expression (2), was initially proposed estimate the resistivity of saturated

materials.
Po _ (~)a
— =1n 2
P ) (2)
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Archie’s second law is also empirical and take® iatcount the effect of the degree of
saturationS on the electrical resistivitp of unsaturated materials (Guéguen and Palciauskas
1994). The saturation expondnts approximately constant for a given porous medand a

given system of fluids.

P _ -b
£ =(s
) (s) 3)

Fukueet al (1999) proposed a more sophisticated model a¢ecmufor the combined effects
of the serial and parallel transmission of thetelecurrent in the three phases (air, water and
solids). They introduced a structural coeffici€nio account for the contributions to the total
electric current of both the parallel flow (relatieedl —F and mainly occurring in water) and
the serial one (related t® and mainly influenced by the insulating propertiéssolids and
air). They proposed that the electric resistivityough a cylinder of radiusbe read as:

Po _1 1
20 == 7y
low n (1_ Fsatj (4)
0
r o =_—_Ffw _
=" l-Fl) ®)
ﬁ :i ﬂj
5 S ( 1-F ©

in which Fs4 is the structural factor in saturated conditiond & is varying with the degree of
saturation. According to Fukuet al (1999),/ 4 can be used as a measure of the quality of
sampling of intact soils. Th& factor has the dimension of a length and depemdshe
structure of the soil, the arrangement of partictbe shape of particles, etc. In unsaturated
clays, Fukueet al (1999) observed thaf; depended on the water content and pore
distribution. The sensitivity of the resistivity ®oil moisture changes becomes important
when the water content becomes lower than a valueed as “critical” water content. This

value can be seen as the threshold value belowhvthé&water phase becomes discontinuous.

Material and experimental setup

In this work, electrical resistivity measurementsrev performed on a natural unsaturated
loess sample from a site near the village of BamaumiNorthern France. These loess deposits
were formed under periglacial conditions, during QQuaternary period, as the consequence
of the aeolian transport of silty sediments. Theeaditions gave to the loess a relative
homogeneity, a low plasticity, a high porosity aad open structure that explain its
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susceptibility to collapse (Cuwdt al 2004, Delageet al. 2005, Cuiet al 2007, Yanget al
2008, Karamet al 2009). The main geotechnical properties of tles$oare summarized in
Table 1. Cylindrical specimens of diameter 70 mna &eight 17.5 mm were carefully

trimmed from intact blocks that were extractediffecent depths of a 5m deep excavation.

Sample depth Im 3.3m
Natural water content (%) 14.0 17.9
Natural void ratice 0.84 0.60
Dry unit masso; (Mg/m®) 1.45 1.67
Natural degree of saturati&(%o) 46 80
Natural suction (HTC) (kPa) 40 48
Clay fraction (% < 2um) 16 25
Plastic limitw, 19 21
Liquid limit w 28 30
Plasticity index, 9 9
Carbonate content (%) 6 5
In situ total vertical stress' o (kPa) 15.47 35.57

Table 1. Geotechnical properties of the Bapaumsslaetwo different depths.

A small sized electrical resistivity probe was deped to measure the electrical resistivity
under water content variations. It was inspiredrfrthe concept of the concentric surface
probe developed by Maryniad al (2003). The probe is composed of four circulacebdes

of diameter 1.5 mm disposed in a squared-grid sehasmpresented in Figure 1. Figure 2
shows how the resistivity probe is fixed on togleé soil specimen. The system is composed
of a precision balance to measure the water maasgels, a metallic mould to house the soil
specimen, a plastic cover disk to avoid evaporatioing measurement and the resistivity
probe fixed to the cover disk. The contact betwienprobe and the soil is ensured by a fine

wet layer of loess slurry placed on the probe.

Araldite 2012

Outlet
cables

\ Silicone
body

Electrodes

Figure 1. Home-made resistivity probe
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Resistivity
robe
PREEY
Plastic ‘ \
cover .
ik f zan
(detachable) |
i =
— —

Balance

Figure 2. Experimental setup

The diameter of the resistivity probe is 11 mm #nel distance between the electrodes is

6 mm. A hydrophobic and dielectric matrix must lsedi to accommodate the electrodes in

order to properly isolate the four electrodes athitl any direct current line between them.

To this end, an epoxy resin (Araldite 2012) waguse

A representation of the electrodes’ dispositioprissented in Figure 3. Two input electrodes

are connected to a voltage source of 10 V. Thesntipasses through the soil (characterized

by its electrical resistand®) and two output electrodes receive the outputadidfor a circuit

in parallel:

giving Rs = 2R sinceRs; = R, = Re.

Power
supply

o O
e '
Input
electrodes | |
& - O
Distance (L)
@ - o,
Cross
Quiput ] secticnal
electrades T surface (A)

(7)

Intensivity
mmeasuring
circuitry

Figure 3. Electric resistivity device with four eteodes.

The shape of the current lines between the inpdt @rtput electrodes are related to the

geometry and boundary of the problem. Then, thetrétal resistivity of soil is given as:
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p="h ®)
L
whereR; is the measured soil electric resistan&kgis the smallest electrode surface anig

the shorter distance between each pair of eledrode

Experimental investigation on natural unsaturated bess

Experimental measurements were performed to claraetthe relationship between the
water content and the soil resistivity. Five lospecimens of height 17.5 mm and diameter
70 mm were subjected to controlled wetting and rdyyprocesses while measuring the
electrical resistivity. Three specimens from 1mttefe = 0.84) and two others from 3.3 m
depth € = 0.60) were tested. One additional loess specifieen 1m depth was tested at a
void ratio of 0.72 in order to study the influenmieporosity on the resistivity response. This
sample was previously compressed in an oedomeiter thie natural void ratie = 0.84 toe =
0.72 at an axial strain rate of 1.7 microns perutan Compression was performed at the

natural water contentM= 14.4%).

Water content decreases were achieved by freegltjgnsample in the laboratory for periods
of time comprised between 10 and 24 hours. Wettiag achieved by carefully adding small
guantities of water to the soil sample. To do sm pieces of filter paper were placed on top
and bottom of the sample and water drops were umifodistributed over the surface by
using a syringe. To ensure water content homogemeitboth drying and wetting cases,
samples have been afterwards set to rest for opeVdater content changes at equilibrium

were controlled by weighing to an accuracy of 1.0

Figure 4(a) shows the data obtained in all the $snplong both the wetting and drying
paths. The relationship between the electricabtiegly and the volumetric water contefitis
presented in a semi-log plot. At each depth, dyfgimod compatibility between the data from
the different samples is observed along both th#ingeand drying paths. The obtained
results are also plotted against degree of saburati Figure 4(b).

The sample extracted at 1 m depth and charactebizedhatural void ratie = 0.84 exhibits a
soil resistivity increase from @m to 350Qm when the volumetric water content decreases
from 39.0% to 6.0% (gravimetric water contewt decreasing from 27.5% to 4.0%

respectively). The slope of the curve indicates thaeasonable estimation of the water
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content from electrical resistivity can be madea@tumetric water content values higher than
0=7.0% (v > 5.0%). For a drier sample with < 5.0%, the resistivity rapidly reaches values
higher than 100Qm and the changes become too tiny to have a goodgramy in water
content. A strong similarity was observed betwessistivity data aé = 0.84 ance = 0.72. In
general, resistivity is slightly higher for the dest sample witke = 0.72, especially at
degrees of saturation higher than 0.7 (see Fig(b}.4However, this apparent difference is

almost negligible if data are plotted in terms ofumetric water conteréd.

The resistivity curve of the 3.3 m depth specimapgears steeper than that of the 1 m depth
samples, allowing a better determination of theewabntent that can satisfactorily be made
betweend = 13.0% andd = 29.0% in volumetric water content (gravimetriater contents
betweenw = 8.0% andw = 19.0% respectively). The samples from the two dejthve
approximately the same plastic characteristigs=19%,w. = 28% at 1m ane, = 19%,w_

= 28% at 3.3 m depth, see Table 1) but the deegamsples have a smaller void ratio and a
higher initial degree of saturatioa £ 0.60 at 3.3 m compared to 0.84 at 13 0.72 at 3.3

m compared to 0.46 at 1 m). This explains the snaiitial resistivity (at natural state) of the
deepest sample (2@m compared to 3@m at 1 m) in which a larger proportion of the pore

volume is full of water.

1000

Sample 1 M weFting
V drying

Sample 2 D> wetting

]
»
|
»
| » dryin
» 4 : rying
— — Fit
E 7 3.3 m loess samples
> (e = 0.60)

Loess 3.3 m

100 b
e =0.60 ] Sample 1

[0 drying
H wetting
A wetting
A drying
<& drying
€ wetting

Sample 2

X
Loess 1m Natural state —
w =14.4%, 6 =21%, p=30 Qm

Loess 3.3 m. Natural state /

w = 18%, 6 = 29%, p = 18.5 Om

Sample 3

Electrical resistivity, p (Qm)

— Fit
1m loess samples

10 (e =0.84)

<r drying = wetting

: : : . . . . ‘ ‘ 1m loess sample
0 5 10 15 20 25 30 35 40 45 (e=0.72)
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Figure 4. Resistivity data for loess at 1m depth 0.84 ande = 0.72) and 3.3 m depth. Electric

resistivity versus (a) volumetric water contentdbyree of saturation.

The point corresponding to the soil resistivity rettural water content of the 1m depth
samples ¢ = 30Qm atw = 14.4%) is also represented in Figure 4. The rféighows that
water content can be reasonable well estimated ftwmresistivity measurement with an
accuracy of 1 point betweeh= 7.0% andd = 34.0% (corresponding to a water content range
from w = 5.0% tow = 24.0% in samples &= 0.84) and betweenw = 4% andw = 23% for
samples a¢ = 0.72. The resistivity of the two 3.3 m deep spens varies between®m and
750 Qm, corresponding to a change in volumetric watertea @ from 31.0% to 10.0%w
between 19.0% and 6.0% respectively). Quite a gmydement between the data from both

samples is also observed.

Analysis and discussion of the resistivity data

The data from both soils are presented /@ versusS plot in Figure 5 and compared to
Archie’s second law and to the model proposed byuBwet al. (1999). In this work, the
resistivity of distilled watep,, was estimated to 3@m compared to the 2 to 1@m range
given for natural fresh water by Palacky (1987)e Haturated soil resistivitgy is equal to

10.3Qm for the 1m depth sample wigh= 0.84, equal to 10.@m for 1m loess sample with
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= 0.72 and equal to 9.8m for the 3.3 m loess specimens. These comparalistivity

values under saturated conditions show that thialipiorosity has little effect.

Curves obtained from Archie’s law agree reasonadi with the experimental data at
degrees of saturation higher than= 0.15 for the 1m specimens and higher t§an 0.30 for
the 3.3 m specimens. Given their concave shapejeFsilcurves seem to better agree with
experimental data than Archie’s law, especiallyhe domains where a larger deviation from
Archie’s law is observed for both samplé&s,; values (see Equation (6)) are 0.98 m for the
1m loess and 0.99 m for the 3.3 m loess, correspgrad /s, values of 3052 and 366Q
respectively. No physical meaning is associatedh whie soil parametefs,: Fukueet al.
(1999) claim that parameték,: is an indicator of the soil state and thaj; values near or
higher than 302 indicate that specimens are undisturbed. The sabfi€ ., obtained here
are consistent with the good intact state of spewnsrthat were extracted from blocks. This
confirms the quality of the extraction and samplimgcedures used.

| Archie's second law Experimental data

= == Fukue's model ]

Loess 1Im.e =0.84

100 — \ [0 Loess1m.e=0.72
E A Loess3.3m.e=0.60
R
As Loess 3.3 m
o a=11 .
\i b=og4 (Archie)
g P = 0-99 £ 1e)
3 10 Mo = 366

sat

Loess 1m

a=14 :
b-11 (Archie)

Fe. = 0.98

1 sat —
=305 (Fukue)

sat n

0.1 1
Degree of saturation, S,

Figure 5. Resistivity data. Comparison with thelfets second law expression and the Fukue’s
model

The relationship between the resistivity and thgrele of saturation (Figure 5) shows that
resistivity is extremely high for the lowest degred saturation and very low the for highest
ones. The relationship also presents an abruptidrgsistivity atS = 0.15 (v =5%,e = 0.84
andw = 4%, e = 0.72)) at 1m depth and & = 0.30 (v = 7.4%) at 3.3m depth. This may
result from the continuity/discontinuity of pore t@ain the clay fraction (Fukuet al. 1999).
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Beyond this critical degree of saturation, the stdgty seems to be stable and correctly

described by the Archie’s second law.

Using expression (6) and according to Fukue’s matiel saturated (Ess) and unsaturated
(1-F) structural characteristics can now be comparedioae in Figure 6. The two void ratios
studied for samples from 1m depth show similardsein Figure 6(a). It shows that for
volumetric water contents higher thélre 7.5% (v = 5% ate = 0.84 andv = 4% ate = 0.72)
the ratio (1Fsa)/(1-F) is close to unity. This indicates that the poigew is located within the
inter-particle pores and that the electrical floecars through a continuous pore water
network. According to Fukuet al. (1999), the smallest water content with a raticwoity is
defined as “the adsorbed water content”. For wedatents lower than this critical value, the
ratio (1+sa)/(1-F) seems to increases sharply with water contenedse, as shown in Figure
6(a). At this stage, water is no longer a contirsuphase and is adsorbed within the intra-
aggregate space.

Volumetric water content, 6 (%)
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Figure 6. Comparison of the structural factorsdess specimens (Fukue’'s model)

125



Chapitre 3. Dispositifs expérimentaux

The trend in the resistivity of the loess at lowtevacontents do not match the usual
observations in clays where the resistivity tenglancrease more slowly with decreasing
degree of saturation at low water contents, wheostrof the water is adsorbed. This can be
interpreted from a microstructure point of view: @sserved by Delaget al. (1996) in an

aeolian silt of same origin, the clay aggregatesd te coat the silt grains and to separate from
each other upon drying. This behavior could explagmappearance of the discontinuity of the

water phase thus ending in a continuous increasesdtivity.

Figure 6(b) shows the same results for the 3.3np deemples. The situation is largely
different from that of the 1m deep specimens. H#i® (1+,)/(1-F) is equal to unity only at
water contents higher than 18% € 0.72). This limit coincides with the natural watontent
of 17.9%. Figure 6(b) shows a smooth increase efdkio (1Fs;)/(1-F) from 1 atd= 29.0%
(w=18.0%) to 5 afl = 13.8% (v = 7.4%), followed by a sharp increasefat 13.8%. The
variations of the ratio (Fsa)/(1-F) when volumetric water contents vary betweétn 13.8%
and &= 29.0% could be the effect of an heterogeneastsilsition of the clay fraction (25%)
associated with a discontinuous distribution ofepeater and the lower void ratie £ 0.60)

of 3.3m depthd& = 0.84 of 1 m depth). The high resistivity valugsserved at volumetric
water contents lower tha@l = 13.8% seem to be related to a water phase mbingted
within the intra-aggregate pores. In Figure 5, Fi&umodel was fitted at degrees of
saturation lower than 0.20 (loess 1m) and 0.30sflc&3m) to the experimental data by
varying theF value as a function of saturation degree. In thasges, it is observed thiat

exponentially increases with the decrease of degfreaturation.

Figure 7 plots in the same graph the resistivitgiagt water content and the water retention
curve. The experimental water retention curve & ftm sample obtained by Mufioz-
Castelblancet al. (2011) was used. This curve corresponds to thealatoid ratioe = 0.84.
The characterization of the water retention praperof 3.3 m loess was performed by using
the filter paper method. Both water retention carwere obtained by performing wetting and
drying paths on a testing system similar to thatpleyed in the electrical resistivity
measurements. The resistivity rapb, (left y-axis) and suction (right y-axis) are repmeted

on logarithmic scale whereas the water content duppaxis) and the degree of saturation

(lower x-axis) are presented on linear scale.

As seen in Figure 7, the water retention curve i im sample exhibits a hydraulic

hysteresis. This hysteresis may be associatedthétlopen structure of this loess. The 3.3m
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loess specimens do not present an observable éystand all paths are located on an almost
unique relation between suction and water conféigure 7 shows that the 1m deep sample
presents lower suction values than the 3.3m de@plsaat the same range of water content.

This is due to the lower porosity of the 3.3m desample.
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Figure 7. Comparison between water retention cusawelsresistivity data

Resistivity and water retention curves plotted aglaivater content or degree of saturation
show similar trends. An important remark regarding potential use of electrical resistivity
measurement as an estimation of soil moisture coadbe hydric hysteresis. Actually, even
if the water retention curve of the 1m depth lopessents an hysteretic behavior, this is not
the case for its resistivity data. This is duelte fact that resistivity is mainly related to the

amount of water and not to its energetic potential.

Conclusions

The electrical resistivity of a natural unsaturakeelss from Northern France was measured
under various water contents. A deviation from Aethlaw was observed at low degrees of
saturation. This observation is linked to the diagtion of the loess and to possible changes
in the loess microstructure during drying. The euobtained by using Fukue’s model agrees
well with experimental data at low degrees of saian because this model accounts for the
variation of a structural factdf with the degree of saturation, especially at watartents
lower than a “critical” threshold related to thecmastructure. This critical value suggests that
the electrical conduction behavior can be dividetb iat least two regimes: the first one
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related to the inter-aggregate pores in which taeenphase is continuous and the second one
corresponding to the intra-aggregate pores whexentiter phase is disconnected due to the
empty pore space between the aggregates.

Electrical resistivity results were discussed wiference to the water retention properties of
the loess. It has been confirmed that the elettrgsastivity is mainly related to the amount of
water. The change in resistivity during a dryingtvmg cycle did not show any hysteresis,
even if the water retention curve exhibited a hnestis.

This study also showed that the influence of payagianges on the resistivity — soil moisture
curve may be neglected. Finally, the results prteseim this work support the ability of

resistivity probes to measure water content osoill
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3.3 Dispositif triaxial pour les sols non saturés : masge locale de la

déformation, la succion et la teneur en eau

Afin d’assurer le suivi complet de I'état d’'un éatiflon de sol non saturé pendant de
chargement triaxial, on a développé un systéme gttant la mesure locale de la teneur en
eau, de la succion et des déformations axiale céalea Ces mesures sont faites avec des
capteurs spéciaux installées a mi-hauteur de I'émtbe triaxiale. On mesure la succion a
I'aide d’'un tensiométre de haute capacité (500 ld&eloppé au laboratoire UR Navier —
CERMES. Le suivi des déplacements locaux est f&it ales capteurs du type Effet Hall. La
teneur en eau est mesurée avec la sonde de résigtectrique, développée dans ce travail et
décrite dans la partie précédente. On a obtenucdesbes d'étalonnage de reésistivité
électrigue en fonction de la teneur en eau pourédeantillons de loess provenant de deux
profondeurs différentes (1 et 3,3 m). Les résullats étalonnages montrent la bonne précision

et fiabilité des mesures de teneur en eau avee tegtinique.

Afin de tester le systeme, on a effectué des edgaigaux sur des échantillons de laess
extraits a 1m et 3,3 m de profondeur. On a réaééests de cisaillement sous contrainte de
confinement constante et égale a la condition déraimte in-situ. Ces premiers essais ont
montré la bonne qualité des résultats et la p@tist la fiabilité du dispositif. Les résultats
ont donné un apercu préliminaire du comportemeribeks de Bapaume intact. Il est a noter
gue ce type d'essais, avec un ensemble relativeomenplet de mesures locales, sur un
matériau intact non saturé est encore peu étudi® lddittérature. Il apparait que I'application
des contraintes de cisaillent, a contrainte de inenfent constante et a teneur en eau et
volume constants, induit des changements modérda deccion pendant le test. Le bruit
observé dans la variation de la teneur en eaugteuhégligé car il est inférieur a la précision
de mesure de la sonde de résistivité. La mesule @eur en eau pendant 15 heures, sur un
échantillon de lcess isolé de variations externesptre que la précision de la sonde eswde

= £0.3%. Les mesures realisées avec les captetaadsont en bonne correspondance avec
les mesures globales, réalisées aux états iniéafiraux, de la teneur en eau, de la succion et

du volume.

Les échantillons de loess extraits a 3,3 m sont plyides et plus résistants que les

échantillons extraits a 1m de profondeur. Bien Itpsesoient faibles, les variations de la
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succion semblent étre couplées aux variations tgslzke la teneur en eau : si la teneur en eau

diminue, la succion augmente, et vice-versa.
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Mufioz-Casteblanco, J., Delage, P., Pereira, J.K@u&Y.J. Submitted t&éotechnique
Triaxial testing of a natural unsaturated loess wih complete local monitoring
J. A. Mufioz-CastelblancpP. Delage J. M. Pereiraand Y. J. Cui

To provide a complete local monitoring of the stafean unsaturated soil sample during
triaxial testing, a local water content measurendetice was adapted to a triaxial device
comprising the measurement of local displacemertl (effect transducers) and suction
(High capacity transducer). Water content was lgcatonitored by means of a local

resistivity probe. The water content/resistivitylilmation curves of an intact natural

unsaturated loess from Northern France extracteadnk sampling at two depths (1 and 3.3
m) were carefully determined, showing good precisaod repeatability. The validity of two

models giving the resistivity of unsaturated saugh respect to their water content was
examined.

The first triaxial tests carried out with this dewiat low stresses in the range of in-situ
stresses showed good quality results and providext greliminary behaviour characteristics

of a natural unsaturated soil, a type of mate@atly tested up to now in the literature. It

appeared that the application of a shear stressratant water content and volume induced
some suction changes. Also, the yield stressesaaggéo be significantly higher than the in-

situ stresses, confirming the combined effect ofigplasaturation and structure in the response
of the unsaturated loess investigated.

KEYWORDS: unsaturated soil; loess; local monitorisgction; resistivity; triaxial testing

Introduction

Following the pioneering work of Bishop and DondltP61), various suction controlled
triaxial devices have been developed to test uresta soils (Table 1). Most systems are
based on the axis translation technique whereagdhmtic technique (Delagst al 1987,
Cui and Delage 1996) and the vapour control teatni@latz and Graham 2000, Chawz
al. 2009) have also been used. Triaxial devices imit#trnal suction measurement have also
been developed by using psychrometers (Verbrug@é,IBanget al. 2002 and Thonet al
2008) or high capacity tensiometers (ColmenaresRidtey 2002, Meilaniet al. 2002 and
Jotisankasat al 2007).

In unsaturated soils, the changes in degree ofatain are derived from the changes in both
sample volume and water content. Local strain nreasents in unsaturated triaxial soll
testing should hence preferably be coupled witlalloceasurements of the changes in water

content. In this paper, a new system in which lao&asurements include local strains,

" Ecole des Ponts ParisTech, Laboratoire Navier RI@ES, Université Paris-Est
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suction and water content is presented and usexdutty the behaviour of an unsaturated

natural loess from Northern France.

Author

Soil volume changes
(Devices)

Suction (control and/or
measurement)

Observations

Bishop ad Donald
(1961)

Internal cylinder full of
mercury

Axis translation (control).
Air pressure applied on top

Maatouket al.
1995

Vertical external
deflectometer and lateral
strain monitoring device

Axis translation (control).
Air pressure applied
through a hole at specimen
mid-height.

Wheeler and
Sivakumar 1995

Double cell system

Axis translation (control)

Cui and Delage
1996

Double cell system

Osmotic technique (contr

D

) -

Hoyos and Macari
2001

True triaxial strain system

Axis translation (catir

True triaxial device

Local strain measurement.

Global measurement of

Barrera 2002 Axis translation (control)
volume change and water
content
Water content
Aversa and : . measurement with
Nicotera 2002 Double cell system Axis translation (control) double walled burettes

system

Matsuokaet al.
2002

True triaxial strain system

Axis translation (car

Sivakumaret al.
2006

Twin-cell stress path
apparatus

Cabarkapa and
Cuccovillo 2006

LVDT, Radial strain belt

Axis translation (control)

Padillaet al 2006

Double cell system

Axis translation (control

Cui et al 2007

Double cell system

Cyclic loading at
different water content
levels

Jotisankasat al
2007

Local axial strain devices
and radial strain belt

Two suction probes at two
heights of the specimen
(measurement)

Drying and wetting pathg
under loading

Rojaset al.2008

Double cell system

Axis translation (control)

Thomet al 2008

Hall Effect transducers

Thermocouple
psychrometer
(measurement)

Xu et al.2008

Hall Effect transducers

Axis translation (cobt

Blatz and Graham
2000

Relative humidity

Chavezet al 2009

Double cell system /
LVDT and DDT

transducers

Relative humidity control
(vapour transfert)

Tested loess

Table 1. Triaxial systems to test unsaturated soils

The soil tested is an intact natural loess fromtihmn France. In this area, loess deposits
were formed under periglacial conditions during tQeaternary period by the aeolian
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transport of silt particles eroded by a constanttiNaVest wind (Antoine 2002, 2003),
resulting in loess deposits characterized by aiveldnomogeneity, a low plasticity, a high
porosity and an loose microstructure. These featuneplain the loess susceptibility to
collapse when exposed to intense rainfall or actadevater leaking (Cugt al. 2004, Delage
et al, 2005, Yanget al, 2008).

High quality specimens were trimmed from intact icublock samples (300 mm side)
extracted at 1m and 3.3 m depths. The geotechmiopkrties of the samples are presented in
Table 2 and the grain size distribution curvesstu@ved in Figure 1. Both samples, classified
as CL in Casagrande’s classification, have a radtilow clay fraction and the same low
plasticity index (9). The dominant clay mineralg &aolinite, illite and interstratified illite-
smectite (Karam 2006). The carbonate content vauesglose (6% at 1m and 5% at 3.3 m).
Due to higher void ratio and lower degree of sdiomna the 1 m depth sample exhibits a

collapse potential slightly higher than that of 818 m deep sample.

100 —
90 —

80 —
—&-Loess 1m

-4 Loess 3.3 m

70 —
60 —
50 —
40 —
30

Finer mass percent (%)

20 —
10 —

0 T L B B

1 10 100
Equivalent diameter (um)

Figure 1. Grain size distribution of Bapaume logmsiples from 1 and 3.3 m depths

Sample depth 1m 'I:f’e?;tnl 'I:f,eitn;
Natural water conten (%) 14.0 17.9 17.0
Natural void ratice 0.84 0.60 0.60
Dry unit massoy (Mg/m®) 1.45 1.67 1.67
Natural degree of saturati@ (%) 46 80 76
Natural suction (HTC) (kPa) 40 48 49
Clay fraction (% < 2um) 16 25 25
Plastic limitw, 19 21 21
Liquid limit w; 28 30 30
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3.3m 3.3m
Sample depth 1m Test 1 Test 2
Plasticity index, 9 9 9
Carbonate content (%) 6 5 5
In situ total vertical stress', (kPa) 15.47 35.57 35.57
Collapse (%) under’ 7.5 6.3 6.3

Table 2. Geotechnical characteristics of the Baalomss
Triaxial apparatus

The triaxial cell developed (in Figure 2) was desig to accommodate samples of 50 mm
diameter and 100 mm height so as to achieve betemision in local measurements. Hall
Effect radial and axial displacement transducel@%§were used and the axial displacement
was also measured by using an external LVDT tracesddLocal suction was measured at the
sample mid-height by using a miniature 500 kPa le@gbacity tensiometer of diameter 5 mm
(Chiu et al. 2002). Water content was monitored by using a sfigcdesigned electrical
resistivity probe of diameter 11 mm.

An overall view of the device is presented in Feg8r Air pressure (maximum value 1 MPa),
is regulated by a computer-controlled electro-vdk)e An air-liquid interface cell (9) is used
to transmit the air pressure to the fluid. Thedlpressure is measured by using a pressure
gauge (5) of 500 kPa capacity. The shear load pieapby a strain-controlled press (1) and
measured by an external load sensor of 5 kN cagpddit The cell base (Figure 4)
accommodates the connection wires of the differemhersed sensors. The cell chamber
consists of a Perspex cylinder and of top and boiiates. The top plate houses a valve to
apply the confining pressure (Figure 3).

Local measurement of the suction

A home-made high capacity miniature tensiometer {H@reviously designed for centrifuge
testing (Chiuet al. 2002) was used to measure suction at sample mgith@vieilaniet al.
2002, Colmenares and Ridley 2002). As seen in Ei§uthe HCT (Ridley and Burland 1993)
is an integral strain gauge tensiometer (Taran®004, Delageet al. 2008) of diameter 6.4
mm in which strain gauges are glued to a metaiaplitagm with a thin water reservoir of
0.1 mm thickness. A porous high air entry valueagec disk (500 kPa) of diameter 5.7 mm
and height 1.6 mm (Druck PDCR-81 ceramic disk)tigls to the system. The HCT allows
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suction measurements between 0 to 400 kPa. As sigghéy Tarantino and Mongiovi

(2001), the HCT was first saturated at a pressigieen than the air entry value of the ceramic

porous stone (700 kPa) to get rid of any air trapipethe system. The tensiometer was also

resubmitted to a water pressure of 700 kPa afteh eavitation. Performing cycles of

cavitation-saturation improves the tensiometer grerince (Tarantino and Mongiovi 2001,

Chiuet al.2002, Mantho 2005).

Perspex cylinder

Cell chamber (1 MPa)

Loading piston

Top plate

Cell base

Lower cap

Top cap

Top drainage

Porous stone

10. Soil specimen

11. Latex membrane

12. o-rings

13. Tensiometer

14. Radial strain transducer (Hall Effect)
15. Axial strain transducer (Hall Effect)
16. Resistivity probe

CoNooR~WNE

©

90" turned view

Figure 2. Modified triaxial cell
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Triaxial press 8. Voltage source (24V) : Servovalve, LVDT.
Triaxial cell 9. Cell pressure exchange (air — silicone oil)
Loading piston 10. Electric current relay
Load sensor 11. Voltage source (10V): Tensiometer, hall
Cell pressure sensor effect sensors
Axial displacement 12. Regulator: cell pressure sensor
LVDT 13. Regulator: load sensor
Servovalve 14. Acquisition card

15. PC

Figure 3. Triaxial system

Low specimen drainage connection (2 ways)
Cell pressure sensor connection

Top specimen drainage connection
Tensiometer line

Not used

Hall effect transducer line

Resistivity probe line

Soil specimen metallic base

Cell pressure sensor

Figure 4. Triaxial cell base

N WNE
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5 mm .
‘ﬁ Electrical cables oulet

— Tensicmeter body

Strain gauges

/— Diaphragm

|~ Water reservoir (0.1 mm)
Epox
Frsly oo

HAEY parous stone
{500 kPa)

Figure 5. CERMES high capacity miniature tensiom@@diu et al. 2002)

As seen later in Figure 7 (left), the HCT was pthae contact with the soil specimen by
means of a holding system composed of a rubber memO-rings and silicone past to
ensure sealing with the membrane. A thin layedwig made from the tested soil was placed
on the tensiometer surface to improve the contath the sample and to avoid early
cavitation. An elastic band was also placed ardhedsoil specimen to adjust the tensiometer

- grommet set.
Local Measurement of the water content

To investigate in the laboratory the relationshiptween water content and electrical
resistivity, Gupta and Hanks (1972) and Rhoaxtesd. (1976) tested compacted specimens by
using circular four-probe resistivity cells, a devialso utilized by Kalinski and Kelly (1993).
Other resistivity measurements were made by FoWl€80) on compacted specimens,
McCarter (1984) on remoulded clays, Fulaiel.(1999) on remoulded and natural clays and
Chenet al. (2007) on expansive soils. As quoted by Kalinsid &elly (1993), the resistivity

of saturated soils depends on the particle sizeilalision, mineralogy, specific clay surface,
porosity, pore size distribution, connectivity afrps, water content, salt concentration and

temperature.

In unsaturated soils, the electrical resistancesdép on that of the solid phaRg of air R,
and of waterR,. Whereas the air phase is an electrical insulatater has a significantly
higher electrical conductivity than solids and #lectrical current flows through it. In clay
soil, the electrical charges located at the surtdabe clay particles lead to greater electrical
conductivity (corresponding lower resistivity) tham coarse-textured soils because of the

magnitude of the specific surface (Fuketeal 1999). This reduction in electrical resistivity
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seems however negligible in low specific surfaceaasystemsS, < 50 nf/g, Fukueet al

1999) and should not be significant in the loesdisd here.

Archie (1942) proposed a simple empirical modedtiaf) in saturated soils the soil electrical

resistivity o, that of the pore watex, to the porosity:
£ = (n)_a (l)

This law was modified for unsaturated soils by adticing the degree of saturati& as
follows (Guéguen and Palciauskas 1994):

L =(n)*(s)’ @)
wherea andb are experimental parameters.

Fukueet al (1999) proposed a more sophisticated model a¢cmufor the combined effects
of the serial and parallel transmission of the telecurrent in the three phases (air, water and
solids). They defined a structural coeffici¢hto separate the parallel flux (related to E —
and mainly occurring in water) and the serial onglaed toF and influenced by the
insulating properties of solids and air) giving th@lowing expression of the electric
resistivity p through a cylinder of radius

ar . __ P
r,r—m (3)

p= wGn
wherew is the gravimetric water contengs is the specific solid density and the soil
porosity. TheF value is a dimension of the length and dependtherstructure of the soll.

TheTl value can be related to the soil state.

In this work, a small sized electric resistivityope (11 mm in diameter) was developed to
measure the water content at the mid-height oggleeimen. It was inspired from the concept
of concentric and surface probe developed by Makyei al. (2003). The probe is composed
by four circular electrodes of diameter 1.5 mm dggad in a squared-grid (inter electrodes
distance of 6 mm) as presented in Figure 6. A hylaobic and dielectric matrix (Araldite

2012 epoxy resin) was used to accommodate ther@diest with proper electric isolation).

Figure 7 shows how the resistivity probe is fixedtle triaxial sample opposite to the suction

probe.
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Araldite 2012

Outlet

cables
N Silicone
Electrodes body
Figure 6. Cermes resistivity probe
o—ring

o—ring

Silicone sealing - .
Silicone sealing

TENSIOMETER RESISTIVITY PROBE

TRIAXIAL
SPECIMEN
50 mm
diameter

Silicone
sealing

'\ Latex membrane

Grommet

Latex membrane

Figure 7. Triaxial specimen. Lateral view. Holdisygstem for the tensiometer (left) and the resistivi
probe (right)

The electrodes’ connection is presented in Figuréwd input electrodes are supplied by a
voltage source of 10 V. The current passes throlglsoil (characterized by its resistafge

and two output electrodes receive the output signal

In a circuit in parallel:

M= (4)
giving Rs = 2R becaus®s; = R = Rs

The shape of the current lines between the inpdt @mput electrodes is related to the

geometry and boundary of the problem. The eledtresastivity is given as:

-RA
p=R (5)

in which R is the measured soil electric resistarfeas the smallest electrode surface and

is the shorter distance between each pair of elées:
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Power
supply

O O
L ‘

Input
electrades

7 O |

! Intensivity
rmeasuring
@l circuitry

@ .
Distance (L)
@ L
Cross
Qutput ] sectional
electrades surface (A)

-+

Figure 8. Electric resistivity device with four eteodes.

When an electrical signal comes out from the inplectrode, an instantaneous output
response is provided by the closest electrodese Gine initial current peak appears, the
electric signal decreases due to diffusion throtlgh soil. To avoid this artefact, electric

pulses were sent each 6 minutes during periodseshibian 20 s. The time spacing between
the electrical pulses was determined after a sl taking into account the time needed to
disperse all the electrical charge after each pulbés operation was needed to avoid any
polarization in the soil and any effect in the tenseter also in contact with the specimen.
The time taken for half the dispersion to occuersned the relaxation timeand is related to

characteristic frequendy (Debye 1929, Mitchell and Arulanandan 1968) acicaydo:

: 6
2mrf, ©)

Electric dispersion causes several types of p@aag in soils (Fam and Santamarina 1995):
electronic, molecular, Maxwell-Wagner and macroscgwlarization, each of which has a

range of characteristic frequency. The lower limitthe characteristic frequency of the
macroscopic polarization is 0.001 Hz correspondmg maximum relaxation time of 2.65

min, a value that coincides with the half period electrical dispersion obtained

experimentally (3 min).

A calibration was previously performed to charagterthe relationship between the water
content and the solil resistivity. Five triaxial $sespecimens (three from 1m deep and 3 from
3 m deep) of height 200 mm and diameter 50 mm webenitted to controlled wetting and
drying processes while measuring their electrieslistivity at mid-height with the gauge
presented in Figure 6. To ensure water content ematy, drying was performed by

allowing evaporation of the sample under laboratmnyditions for periods of time comprised
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between 10 and 24 hours. Homogeneous wetting waiewat by carefully adding small

drops of water with a syringe to the soil sampletigh two pieces of filter paper placed on
top and bottom. Water content changes at equihbrvere controlled by precision weighing
(1/1000 g).

Figure 9 shows the calibration data obtained oh kamples from 1m and 3.3 m depth along
both the wetting and drying paths (whole range gewi log plot in Figure 9a and a zoom in
linear plot between 0 and 1@m in Figure 9b). A fairly good compatibility betweéhe data
from the different samples is observed along bleghwetting and drying paths. At 1 m depth,
the soil resistivity increases from @m to 350 Qm when the volumetric water content
@ decreases from 36 to 6 % respectively (gravimetater contentv decreasing from 25%
to 4% respectively). The slope of the curve indisahat a reasonable estimation can be made
with volumetric water content values higher than ({®6> 5%). For a drier sample with <

5%, the resistivity rapidly reach value higher tH&® Qm and the changes become too tiny.
Also reported in the figure is the resistivity afrp distilled water measured in the laboratory
(4 Qm to compare to the 2 - 1@m range given for natural fresh water by Palaci87)9
The soil resistivity at natural water contept 30Qm atw = 14.4%) is also represented. The
figure shows that the water content can be satmifc estimated from resistivity
measurement with a precision of 1 point betweerna@d 5%. The resistivity of the two
specimens tested from 3.3 m changes betwe@mo 750Qm, corresponding to a change
in @ from 31% to 9% \ between 22% and 7%). Quite a good agreement bettieedata
from both samples is also observed. The calibratiowe of the 3.3 m sample appears to be
less steep than that of the 1 m sample, allowihgtéer determination of the water content
that can satisfactorily be made betwe2r13% and 31%w between 8% and 22%). The
samples from the two depths have approximatelpdnee plastic characteristias,€ 19 - 21,

w, =28 - 30 at 1 and 3.3 m respectively) but thgpdeesample has a smaller void ratio and a
higher initial degree of saturatior £ 0.60 at 3.3 m compared to 0.84 at 1S 76 - 80 at
3.3 m compared to 46 at 1 m). This explains thellemanitial resistivity of the deepest
sample (20Qm compared to 3@m at 1 m) in which a larger proportion of the pactume

is full of water. A deeper understanding of thdetgnces in shape between the curves could
probably be gained by considering in more detaal Water retention properties of the two

samples.
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Figure 9. Calibration curves of the resistivity lpedor loess at 1m depth and 3.3 m depth. Electric
resistivity v.s. volumetric water content. (a) Risity values in log-scale. (b) Zoom in true scale

The data from both soils are also presentedafpgaversusS plot in Figure 10 and compared
to the modified Archie’s law and to the model prepo by Fukueet al. (1999). Archie’s
curves agree reasonably well between degrees wfasan of 15 and 70% for the 1m deep
specimen and between 30 and 70% for the 3.3 m glgspmen. Given their concave shape,
Fukue’s curves better agree with experimental tieda Archie’s model, especially between
degrees of saturation of 15 and 75% for the 1midgpécimens and between 25 and 50% for
the 3.3 m deep specimens. F values are 0.94 nindotrn deep specimen and 0.97 m for the
3.3 m deep specimen, corresponding tealues of 2902 and 366Q respectively. There are
no evidence of a specific or quantitative meanihtheF value. Fukueet al. (1999) state that
parametef is an indicator of the soil state and thavalues near to or higher than 3Q0
indicate that specimens are undisturbed. The vditied in this study show the good quality
of the extraction and sampling procedures followed.

The stability of the probe response with respedinhi@ was checked on the 1m deep soil by
using a sample of height 20 mm and diameter 70 Figu(e 11). The overall sample water
content was kept constant at 14.1% by envelopiegsdmple in a plastic film and a slurry
layer of the same loess was put over the prob@&gare proper contact with the sample. The
initial measured water content of 26.7% correspdadkat of the slurry. As seen in Figure 11
(top), the water content is observed to linearlgrdase due to water transfer from the slurry
into the sample with equilibration reached after Hdurs. Once the soil water content is
attained, small further variations are observedyyfé 11 down) with a water content
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stabilised at 14.15+0.03% in good agreement with dlierall water content determined by
weighing. The amount of water infiltrated here fréime slurry is not enough to significantly
affect the sample water content. The data of Fiddrendeed shows an excellent stability of
the water content measurement.

1000

—— Modified Archie's model Experimental data
— = — Fukue's model B Loess1m

A Lloess3.3m

Loess 3.3 m

M= (Archie)

F=0.97
I =366
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10 =
- Loess 1m
- m=14 (archie)
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l | |
0.1 1

Saturation degree, S,

Figure 10. Resistivity data. Comparison with thedified Archie’s law expression and the Fukue’s

model
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Figure 11. Response of the resistivity probe. Bvmtuof water content with time. Overall view (top)
Zoom (bottom)
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Testing procedures and results

After trimming, the dimensions and weight of ea@mple were taken with a precision
calliper. At natural state, the water content wlasua 14.4% and suction around 45 kPa. To
increase the water content, the samples were gmeelovith filter paper and carefully
sprayed. To decrease the water content, the sawgwedried by simple evaporation in
laboratory conditions. A subsequent period of elration of at least 24 hours was
afterwards waited for to ensure water content hamedy. The water retention curve of the
loess was employed to estimate the amount of watée added or subtracted in order to
obtain the desired value of suction. The dimensiamd weight of the sample were again
measured after water addition or extraction. Thepa was immediately inserted into the

triaxial cell and covered with a latex membrane.

Before placing the membrane over the sample, tiee lmembrane was marked with a pen to
localize the position of the Hall Effect transdig;eof the tensiometer and of the resistivity
probe. To introduce the tensiometer and the rggispprobe, two circular holes of diameter 3
mm about were made at the positions defined om@mabrane.

The fixation device of both the tensiometer andresastivity probe is presented in Figure 7.
A rubber grommet was used to fix the tensiometehatmid-height side of the sample. The
shape of the resistivity probe, also located attigkheight of the sample, was adapted to be
easily sealed to the membrane. At least three dagkesilicone and glue were applied to seal
the grommet and the resistivity probe to the lateambrane. An O-ring was employed to
tightly seal the tensiometer within the grommet ambther one was used to seal the
resistivity probe within the latex membrane. Selvkagers of glue and silicone were painted
around the tensiometer and the resistivity proddihg systems to provide a safe seal. Once
the tensiometer and the resistivity probe werealtedt, the Hall Effect local displacement
transducers were fixed as previously described.sEating of all local sensors was made with
silicone in order to avoid a possible increasenefrnembrane stiffness. The sensors are light
with a weight of 70 g partly supported by the meanier stickiness.

The cell chamber was subsequently positioned olwersample and the cell filled with
silicone oil prior to place the external load amsbthcement sensors. The internal ducts at top
and bottom of the specimen were connected to aatwnt full of water at atmospheric

pressure to avoid any evaporation from the samplece a test was finished, the local
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instruments and the membrane were carefully diskedhrsio as to immediately measure the
dimensions and weight of the tested sample.

Shear tests on the 3.3 m deep sample

To investigate the reliability of the device, twngar tests were conducted on two specimens
trimmed from the same block extracted at 3.3 m. ffamsient suction equilibration phase
with water exchanges between the tensiometer, Itireysand the sample is presented in
Figure 12 for both samples. It lasts about 20 n@isuh both cases, a period of time quite
similar to that observed by Meila®it al. (2002) in the same conditions. Stabilisation is
afterwards observed at the same suction valuedtir §pecimenss{ = 50 kPa). This shows

the validity of the suction measurements and th@ldmmogeneity of the two specimens in
terms of suction.

60 —
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Suction (kPa)

20
Suction step due to the presence
10 of the loess slurry layer
o . over the tensiometer surface
I
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Suction step due to the presence
of the loess slurry layer
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Figure 12. Suction measurement for 3.3 m loess ksEnajuring equilibration between tensiometer and
sample

The data of the two triaxial tests performed amspnted in Figure 13 in terms of changes in
deviator stress, volumetricg, and radialg; strain (local measurements from the Hall effects

transducers), suctiomand water content with respect to the local axial strasnon the right
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side of the Figure. The same data are presentédr@gpect to the changes in net mean stress
p — w on the left side of the Figure.

250 —
B E =21 MPa
200 /__,_;:_——w"’
q (kPa) A
. = TEST 1
150 | |
dg/dp =3 | ¢ TEST 2
0,= 25 kPa 100 |
In-situ X Yielding point
7”75955“
N
\\\\\1\10";‘\\\\\\\\\\\\\\\\
150 100 50 0 0 1 2 3 4 5 6 7 8

p - u, (kPa) W 0

4 Global measurements

—=—Local measurements

Figure 13. Triaxial tests on 3.3 m loess samplélait natural state (w 18%, s~ 50 kPa). Both
samples are from the same block

The stress path followed is indicated on the lgft figure. The samples were firstly brought

back to the in-situ net stressy(— u, = 65 kPa at a depth of 3.3 m with= 1.87 Mg/m)
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through aKj test (no lateral stress allowed, see &{ig; versusp - u, diagram in the Figure).
Note that due to the important concerns relatedheo validity of the effective stress in
unsaturated soil$o is defined here in terms of net stresses, asvisltlo

03 _ua

K, =
g, ~Uu,

(7)

in which g is the axial stressgz is the confining pressure and, the air pressure
(atmospheric pressure). The test provided a valuehe lateral net stress of 25 kPa
corresponding to &, value of 0.38. The stress paths of the two tespeapquite close in
terms ofg/&, &/& and&/& plots. Note also that the volume change is qumnallsalong the
Ko path.

A standard test with constant all round pressure=(25 kPa) was carried out starting from
the in-situ net stress conditions. Tdye; stress strain curves obtained exhibit in both £ase
typical shape and provide estimated yield stredgegathat are also reported in the other
graphs. These yield stresses are clgse141 kPa and 148 kPa for Test 1 and 2 respeg}ivel
they are significantly larger than the in-situ strestate also represented in the plot. This
confirms the combined effects of microstructure andtion hardening due to desaturation
(Gens and Nova 1993, Cui and Delage 1996) thatigegam unsaturated structured soils yield
data much larger than the in-situ stress conditibitde volume change is observed before
yield whereas compressive strain is afterwards nessively developing, in accordance with
the high void ratio, the low initial degree of saiion and the collapsible behaviour of the

loess.

Since the in-situ stress state is far from yiehe ¢lastic characteristics can be easily derived
in the simplifying hypothesis of isotropic linealagticity, for a triaxial test with constant
confining stress. The estimated values of the Y&unwpdulus and Poisson ratio are 21
MPa and 0.15 respectively. The Poisson ratio litiayn in thes/& diagram of Figure 13,

coincides with experimental values in the elastitge, and even further.

The local changes in water content are presentgethier with the initial and final global
values estimated by weighing. They appear to bg ssrall and included in the + 0.3 points
range identified in Figure 11, showing no signifitahange, in spite of a sudden monotonic

increase in gravimetric water content at the bagmiibetween 17.87 and 18.25% for test 1

149



Chapitre 3. Dispositifs expérimentaux

and between 18% and 18.3% for test 2). Again,dh@nge might be not significant, like that
observed from the global water content measure(tesg than 0.11%).

The local changes in suction observed indipe— @ plot show an initial decrease of 9-14 kPa
from the initial values (from 51 to 42 kPa and 6440 for samples 1 and 2 respectively) that
occurs when bringing the samples back to in-sitadd@mns undelKy conditions at constant
water content. The curve of test 1 exhibits a mummsuction value at in-situ conditions
followed by an increase. The curve of test 2 pres@re changes witly that are not easy to

interpret. Note that a failure plane appeared @s¢htests.
Shear test on the 1 m deep sample

Figure 14 shows the response of the HCT duringstlation equilibration period. There is a
sharp increase in suction up to 29 kPa followedabgrogressive equilibration within the
sample after 15 minutes, a period shorter thaniguely. A final suction of 39 kPa is

obtained. The oscillations around the average vhlae amplitude of + 2 kPa. The signal
giving the initial suction is satisfactorily staldéong the 45 minutes period of time waited for
after equilibration. Anyway, a minimal period ofdwours was waited for at the beginning of

each test so as to ensure full stabilization olioalhl measurements.

50

40

30

Suction (kPa)

20 Suction step due to the presence

of the loess slurry layer
10 over the tensiometer surface

\ \ \ \ \
0
0 10 20 30 40 50 60

Time (min)
Figure 14. Suction equilibration between tensiomaitel sample (1 m deep sample)
A Kg constant rate of strain shear test with no rasti@ss allowed was performed. With an
in-situ vertical net mean stress of 28 kPa at leptld a lateral net stress value of 8 kPa was
obtained, giving a recalculated in-situ deviatoess$ equal to 20 kPa an&Kavalue of 0.29,

lower than the 0.38 value previously obtained.
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Once all readings stabilised, a test with a consthmound pressure of 8 kPa was started at a
constant vertical displacement rate of 10 micromseper minute. Figure 15a and b show the
comparison between the local and global axial nreasents during shearing, including a
zoom at small strains (Figure 15b) where a loadecymas been carried out. Since the
beginning, local measurements appear to providdlansirain than the global one, resulting
in higher sample stiffness (also observed by Dalad®78, Costa-Filho and Vaughan 1980,
Miller 1980 and Burland and Symes 1982). It seemasnfFigure 15b that most of the
difference starts to appear at small strains, betw@and 0.2%. Afterwards, the stress strain

curves are roughly parallel (Figure 15a).

= Qutside LVDT
» Hall effect transducers

. Hall effect
transducers

= Qutside LVDT

| | | | |
! !
0 1 2 3 4 5 6 7 05 N

Axial strain, €, (%) Axial strain, €, (%)
(a) (b)

Figure 15. Comparison between outside LVDT anddbal Hall Effect strain measurements. (a) 1m
loess test data, (b) Zoom

The complete set of data is presented in Figureantfe same fashion as in Figure 13. The
stress strain curve shows a typical shape wittell ytress estimated from thés curve and
reported in the other plots. As previously, thdd/istress is far above the in-situ stress state.
Little volume change is observed before yield whereompressive strain is afterwards
progressively developing, in accordance with thghhvoid ratio, the low initial degree of
saturation and the collapsible behaviour of thesdodhe elastic parameters calculated in the
elastic zone ark = 8.8 MPa (taken from the stress cycle) aw0.27. The Young's modulus
of this looser samplee(= 0.84) extracted at shallow depth (1 m) and testeer smaller in-
situ stressescg — U, = 8 kPa) appears to be significantly smaller thamh pin@viously obtained

at 3.3 m gz — i, = 25 kPa) on a denser and more clayey sangpte .60, % clay fraction
equal to 16% compared to 25%).
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g (kPa) 7
60 E = 14.3 MPa

X Yielding point

-4 Global measurement

; Initial state

L W= 14% Final state

w=13.77% ¥

—=— Local measurement

12

Figure 16. Triaxial tests results for 1m loess derapder constant confining pressure of 8 kPa
corresponding to the natural in-situ lateral stress

The changes in water content shows a slight inikdrease in local water content from 14%
to 13.1% whereas the global water content measaifted the test shows a smaller change
from 14 to 13.77%. These changes are to be compardte + 0.3% precision observed in

Figure 11. In parallel, after a slight immediatecrd@se, the local suction appears to

progressively increase during compression fromR8 to 60 kPa.
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Discussion

The data from the two triaxial tests on intact natlpess specimens from two depths (1 and
3.3 m), showed that the water content locally naed by a new resistivity probe remained
constant during shearing. However, some suctiongdgs have been observed, depending on
the sample tested. On the denser 3.3 m deep satepted.60 compared to 0.84 at 1 m) that
contains a higher clay fraction (25% compared &% 1 m) with a higher initial degree of
saturation (76-80 % compared to 46 % at 1 m) armdgher initial suction (48 - 49 kPa
compared to 40 kPa at 1 m), an initial suction eéase of about 10 kPa was observed under
constant volume when putting the sample back undesitu stress conditionsdf -

Uy = 65 kPaos - uy =25kP3 in the elastic domainThis is apparently a new result, since
the few suction changes that have been monitoreidgishearing (Colmenares and Ridley
2002, Meilaniet al.2002) have been made without any local strain oreasent. This suction
change at constant water content and volume caailishterpreted by some reorganisation of
the inter-grains menisci network induced by theliappon of the deviator stress. The further
approximately constant value observed during shgas similar to the data of Meilaet al
(2002).

Further comparison can be made by plotting, asestgd by Colmenares and Ridley (2002),
the changes of the normalised value of sudtignwith respect ta. (Figure 17).

Axial strain, 81 (%)

0 2 4 6 8 10 12 14 16
2 T T T T T T T T T T T T T T T

1.8 -
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b sota TR Rl M i

1.6
1.4

12 Loess 3.3 m

‘ s, = 50 kPa
1S T G L L

sls,
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06
04

0.2

0

Figure 17. Comparison of suction changes with #selts of unconfined compression tests on
compacted silty clay of Colmenares and Ridley (2002
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The Figure that also includes the data of Colmenaed Ridley (2002) shows a good
compatibility of our test at 1 m with the data e$tt S-4 on reconstituted artificial clayey silt
samples with comparable plastic index (10.7 %)jréinal suctionsy of 26 kPa and a high
initial degree of saturation (97% compared to 44%wour case). Colmenares and Ridley
(2002) obtained a decrease in suction in test $4%4,representedy(= 314 kPaSo = 86 %).
The response in suction of the test at 3.3 m iatéat above the response of test S-14. This
confirms our findings that suction changes durihgas depend of the characteristics of the

unsaturated soil.

Conclusions

A new precision triaxial cell with complete localonitoring of the state of an unsaturated
specimen was designed. Besides local strain antiosumeasurements, the system also
includes a new home made resistivity probe forltital measurement of water content. The
design and the calibration of this new device weagried out on two intact natural loess

specimens and the validity of two existing resistimodels was examined.

Two sets of preliminary triaxial tests at a consteonfining pressure and constant water
content starting from the in-situ stress conditiovese conducted on loess specimens. The
tests showed a good response of all the local dse\dnd a good repeatability. They evidenced
negligible local changes in water content duringashthat were coupled with some suction
changes induced by the application of a deviat@sstat constant volume. The two loess
specimens exhibited a fragile behaviour charaadriay yield values significantly higher

than in-situ stress conditions, a trend typicalstfictured unsaturated soils. Based on the
simplified hypothesis of isotropic linear elastgitsome values of the elastic parameters
(Young’s modulus and Poisson coefficient) wereneasted. These data provide some first
behaviour characteristics of an intact natural tura#ed soil. This kind of data appears to be

quite rare in the literature, since most existiatpcconcern artificial unsaturated samples.
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4.1 Introduction

Les développements récents dans la compréhensimordportement hydromécanique des
sols non saturés ont été concentrés sur la moti@tisaonstitutive (Alonscet al. 1990,
Wheeler et Sivakumar 1995, Wheeler 1996, Barbo8819ommi 2000, Vaunat al. 2000,
Gallipoli et al. 2003, Wheeleret al. 2003, Tarantino 2007, entre autres) et sur la
caractérisation expérimentale, spécialement surédbantillons compactés ou reconstitués
(Maatouket al. 1995, sur un limon compacté du Québec ; Cui eadpell 996, sur le limon de
Jossigny compacté ; Romero et Vaunat 2000, suraugiie compactée ; Cunninghagn al.
2003, sur une argile limoneuse reconstitué ; Taranand De Col 2008, sur une argile

compactée ; Jotisankasd al. 2009, sur une argile limoneuse compactée). Leplagas
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hydromécaniques incluent la dépendance du comperniemmécanique (déformabilité et

propriétés a la rupture) vis-a-vis des propriégsatention d’eau et vice-versa.

Ce chapitre est divisé en deux parties. Umemiére partie étudie le phénoméne
d’effondrement (suite au remouillage sous chargémeonstant) a partir d’essais
oedométriques avec suivi de la succion par un demesire de haute capacité. Les résultats
montrent I'effet des variations de la vitesse ddomi@ation et du remouillage a deux
contraintes nettes verticales différentes. Cesltadsufont partie d’'un article accepté de

publication au journabéotechnique Letters

Une deuxieme partiese concentre sur les résultats d’essais triaxéatrois teneurs en eau
différentes. On a appliqué trois types de chemmsahtrainte : une compression isotrope,
une compression anisotropg et un cisaillement a confinement constant. Demasions
supplémentaires, dont des courbes de rétentioru chedeux porosités difféerentes et des
observations microstructurales, aident a la congngion des couplages hydromécaniques
caractérisant le comportement du loess. Ces anatygeété rédigées sous la forme d’'un

article en anglais, prét a étre soumis dans umg@unternational.

4.2 Caractérisation de la compressibilité et du phénonrmee

d’effondrement

Dans cette section, on présente I'étude de la ptibdeé a I'effondrement du Lcess de
Bapaume a partir de différents essais. On a utileéx méthodes de chargement pour les
essais oedométriques : un chargement par paliens ehargement a vitesse de déplacement
contr6lée. Le programme expérimental inclut desaisssle double oedométre ou le
remouillage a été effectué sous deux contraintggakes différentes (19 kPa et 200 kPa). La
contrainte la plus faible est proche de la conteawerticale totale in-situ, 16 kPa. Ces tests
ont été faits afin d'analyser linfluence de la tramte appliguée sur I'importance de
I'effondrement. L'effondrement observé sous la cainte verticale de 200 kPa est inférieur a
celui observé a faible contrainte. Cela suggergidtence d'une valeur d’effondrement
maximal a faibles contraintes. Les tests ou I'ofaitivarier la vitesse de déplacement ont
montré une compressibilité qui augmente et uneramté de plastification qui diminue avec

lincrément de la vitesse de déplacement. Ceci ssiee probablement de la réalisation
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d’études supplémentaires car, selon différentsuasit¢par exemple Leroueil et Marques
2006), le comportement visco-élastoplastique dés fats présente une augmentation de la
contrainte de plastification avec l'incrément deilesse de déplacement. Les résultats ont été

analysés a l'aide d’observations microstructurales.
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Some aspects of the compression and collapse behaviour of an unsaturated

natural loess
J. Muioz-Castelblanco, P. Delage, J.M. Pereira, GuJ

Ecole des ponts ParisTech, CERMES/Navier, UniveRiris-Est

Abstract

The compression and collapse behaviour of a natunsdturated loess from Northern France
was investigated by running a series of constatet oh strain oedometric compression tests
(together with some step loading tests) while nwimg suction by means of a high capacity
tensiometer. The reasonably constant suction measduring constant water compression
tests was linked to the collapse of the largestpdmgs. A time dependent behaviour was also
observed, with different responses obtained akwdfit strain rates. In a standard fashion,
collapse tests appeared to bring the representadivé from the constant water content curve
to the zero suction compression curve, evidendiegekistence of a maximum collapse stress.
Data were qualitatively interpreted by using the ¢&i@ve concept from the Barcelona Basic
Model. Changes in the LC curve inclinations coutdaunt for the existence of a maximum

collapse value.

Keywords: natural loess, collapse, unsaturated, sucti@ditg collapse, time dependent.

Introduction

Some problems related to the collapsibility of Begposits in Northern France (Antoiee

al. 2003) in areas crossed by the “TGV Nord” high sp&ain line have been described in
Cui et al. (2004). As seen in Figure 1, impressive sinkholese observed during the
construction period when loess layers that wereiposly protected from rain by an upper

superficial illuviated clayey layer were exposedlimatic effects (drying and raining).

Following Jennings and Knight (1957), soil collapses been investigated either by using the
double oedometer technique or by performing soake®js under constant stress. The

developments carried out in the past decades imihehanics of unsaturated soils allow a
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better understanding of collapse thanks to a relketieeoretical framework (BBM model, LC
curve, Alonsoet al. 1987, 1990) and to advanced techniques of eitbetraling (e.g.
Maéatouk et al. 1995) or measuring suction (e.g. Jotisankesal. 2007) in collapsible
samples. To date, these approaches were mainlyedpyol reconstituted collapsible soils.
This work is devoted to the behaviour of a natwablian loess, investigated by running
constant water content oedometer compressionwaistsuction measurements. Results were
interpreted by using the LC curve concept developiitin the BBM model.

e

Figure 1. Collapse behaviour in shallow layersoek directly exposed to climatic actions
Experimental programme

Tests were performed on good quality samples trichiinem a block that was manually
extracted at a depth of 1 m in October 2007 duangther cool, dry and sunny autumn. As
seen in Table 1, the loess has a 9% plasticityxirzohel contains 6% carbonate, a component
known to provide inter-particles bonding (“Loessni just the accumulation of dust”, Pécsi
1990). Its water retention properties have beeershgated in details in Muioz-Castelblanco
et al.(2011).

Sample depth 1m

Natural water content (%) 14.4| Clay fraction (% <2 um) 14
Natural void ratice 0.84 | Plastic limitv, 19
Dry unit massos (Mg/m?) 1.45 | Liquid limitw, 28
Natural degree of saturatiéh | 0.46 | Plasticity indek,

Natural suction (HTC) (kPa) 40  Carbonate content (%

Table 1. Geotechnical characteristics of the Bagalomss
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A series of oedometric compression tests (Table @hich, like in Jotisankaset al. (2007),
suction changes were monitored by using an in-hcosstructed high capacity tensiometer

(HCT) located at the base of the sample (Figurava}, carried out.

Initial state Final state
Test Description W s W
T R B T P I
(kPa) | (%) (kPa) | (%)
SL001 | Natural state 0.8 46.7 146 04p 059 41.345 | 065
SL002 | Saturated 0.85 46.3 143 0.4b 0.55 -2.5 20.81.01
Natural state,
sloog | colapsefsoaking g | 415 | 144| 045| 053 02 197 099
undera, = 205
kPa
Collapse /
SLO04 | soaking undeo, | 0.85 47.0 14.6 0.46 0.58 3.3 223 1.08
=19 kPa
Natural state
a
CRS01 0.003%/min 0.84 45 14.4 0.46 0.66 29 14.8 0.59
Natural state »
CRS02 0.010%/min 0.84 39 14.4 0.46 0.62 33 14.6 0.64
Natural state L 4
CRSO03 0.059%/min 0.84 40 14.9 0.48 0.61 35 14.6 0.63
Saturated,
CRSO05 0.010%/min 0.84 38 14.4 0.48 0.59 -2.2 22.9 1.04

Table 2. Experimental program (SL: Step Loading, RS : Constant Rate of Strain test)

DISPLACEMENT TRANSDUCER

GREASE

MEMBRANE

PISTON
ORING

POROUS STONE
SOIL SAMPLE

J 4 —+—CELL BASE

— TENSIOMETER
-
L ELECTRICAL CABLE

Figure 2. HCT measurement inside an oedomete(@elage et al. 2007)

Oedometer testing was selected in a purpose oflisitg( Ko tests in the triaxial apparatus
would have been preferable to get rid of the foictieffects along the ring that may
overestimate the specimen’s mechanical response3t ksts were performed at constant
water content starting from the natural unsaturatate (v between 14.3% and 14.9%) with
initial suctionss between 38 and 47 kPa (Table 2). Evaporation wegepted by isolating
the sample from laboratory atmosphere with a mdstn as indicated in the Figure. In one of

the tests, the sample was soaked at very low qtes&Pa) prior to compression by carefully
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pouring water through the annular gap between tft@mpand the ring. Water infiltrated the

soil through the porous disk and filter paper pthoe top of the sample (Figure 2).

Compression of the soaked sample provided the raai’ reference compression curve.
Constant water content tests were made to comparerisaturated compression behaviour
(with preserved natural structure) with the sarataine, like in the double oedometer test. As
noted by Tarantino and De Col (2008), constant aditstrain (CRS) compression tests are
preferable when monitoring suction changes. This d@ne here together with standard 24 h
long step loading tests (with suction and displaaanrates finally equal to 2 kPa/h and
27 um/h respectively).

Time dependent behaviour

The response of the CRS tests carried out at @lt€s003, 0.010 and 0.059 %/mn are
presented in Figure 3 in both linear and semi-llmg @f the vertical net stresgx(— u,, where

U, is the air pressure), together with the respomsesiction. Given the low values of the
degree of saturation (Table 1), the air phasemngimoous and the pore air pressure is equal to

the atmospheric pressure that prevails in the upperus stone, giving,= 0 at all times.

Compared to compacted soils that keep the memaityeofompaction stress (Cui and Delage
1996, Maatoulet al. 1995, Jotisankaset al. 2007), the response observed here in a natural
soil at all rates is not strictly elasto-plastidaxhibit a less apparent yield stress in the semi-
log plot. Indeed, yield is not due to any previowsximum supported stress, given the aeolian
origin of the soil. As in structured soils, it inked to a loose structure and to inter-particle
bonding. The various available methods of detemgirgross yield are known to provide
different values. In a purpose of simplificatiomogs yield was determined here at the
intersection of two lines fitted on the pseudo-titaand plastic section of the compression

curve respectively.

Figure 3 shows that the response of the CRS testsi¢ dependent, in particular in terms of
(visco)-plastic compressibility as illustrated tetslope of the curveldeq) in the post-yield
regime, that shows that the unsaturated loess eppede stiffer at smaller strain rates. The
ordering of yield stresses with respect to strate tis less clear, in particular between tests
CRSO01 (0.003%, 87 kPa) and CRS02 (0.010%, 97 k#ag, to the sensitivity of the
determined yield with respect to the lines drawhe Tistinction with the fastest test CRS03
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(0.059%, 64 kPa, that corresponds well with the $dading test SLO01) is more apparent,
with a smaller yield at faster rate. This trendfedtent from what is observed in saturated fine
grained soils and/or sands, should obviously befirnaed by further investigation. The
smallest yield stress and highest compressibifitihe step loading test could come from the
dramatic impact of instantaneous loading on a pormetastable unsaturated structure (step
loading is better adapted in saturated samplesg. reason why tests SL0O01 and CRS03
correspond so nicely is not straightforward.

Yield vertical net stresses
— SLO001: 62 kPa

1.9 4 ;‘,—CRSOS: 64 kPa

:i —CRS01: 87 kPa

i 3 —CRS02: 97 kPa

R el

CRS01
(0.003 %/mn)
/ Reoeso = 0.1809

CRS02

& (0.010 %/mn)

NS e = 0.2450

Step loading - SL001
Noedo = 0.2099

Specific volume, v

‘oedo

CRS03 (0.059 %/mn)

164 Dosao = 0.2164

‘“oedo

1.55 ————r —— ——
1 10 100 1000
Vertical net stress, (G, - u,) (kPa)

CRS01
(0.003 %/mn)

Specific volume, v

1654 . - MQ::

«—CRS02

CRS03 (0.059 (0.010 %/mn)

——Step loading - SL001

1.55 — T T T T T T T T T T T T T 1

0 100 200 300 400 500 600 700 800 900 1000
Vertical net stress, (G, - u,) (kPa)

= 50
X 40 -
= 30 ] 0.003 %/mn - CRS01
s 50 ]
2 404 s ‘ 0.010 %/mn - CRS02
<] s o 6 B S A e,

= 50

S st oo ot ().059 %/min - CRS03
© 30

s S S Step loading - SL001
£ — —
® 30

T T T T T T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000
Vertical net stress, (o, - u,) (kPa)

Figure 3. The effect of strain rate in the respatssonstant water content.
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The responses in suction are fairly comparable.@3and 0.010%/mn with a progressive
decrease from the initial value (40 kPa) to 32 KRwey are fairly reversible at 0.010%/mn,
whereas larger suction variations are observed(30%/mn (CRS01, CRS04). At higher
rate (0.059 %/mn) and with the step loading prooedthe responses are different with a
rapid initial increase followed by a progressivergase that ends at a comparable suction

value.

Collapse behaviour

All the initial states of the samples tested inurgg4 have the same initial void ratio (0.85),

showing fairly good homogeneity within the block.

0.9
| In-situ vertical stress = 16 kPa
085 R e T 4’ B, (63 kPa)
| Ay s CRS03 (w = 14.4%)
0.8 = CRS05 - Saturated
076 e —=— SL001 (w = 14.6%)
B % o) —— SL002 Saturated
0.7 ! T
| | IR w=14.4% SL003 Soaking
© 065 f A G, = 205 kPa
= ; —~ SL004 Soaking
LA o —— G,=19kPa
© T | &:‘—__‘:H.___ :
> 055 =
0.5 - 1
0.45 '
B e,=039 !
0.35 :
|
0.3 . ey et S ————
1 10 100 1000 10000
Vertjcal net stress, (o, + u,) (kPa)
100
1 LC; L&
80 - LCZ/ l'/i\*’ 4
LS, // / /
. 60 B, 2y /B 7
s s , ; B )
x 04 77 > w=14.4%
(%]
o Soaking - ¢, = 205 kPa
Aﬂ
0+ - g i
|soaking-6,=19kPa M2 pl ST
20 — — — T —
1 10 100 1000 10000

Vertical net stress, (g, - u,) (kPa)

Figure 4. Collapse and compression tests performed

166



Chapitre 4. Comportement hydromécanique

Tests include:

The SLOO1 step loading test at constant initial ewatontent (14.6%) that presents
excellent correspondence with test CRS03 (0.059%Amn14.4%);

The SLO02 step loading test of a sample previoasbked under 1.5 kPa (no collapse)
that presents excellent correspondence with te§05Rarried out after soaking under 3

kPa (no collapse);

The SLO03 step loading collapse test (soaking &t kK®a, 2.3% collapse) that presents
excellent correspondence with test CRS03 beforapsd and with tests SL002 and
CRSO05 after collapse;

The SL004 step loading test with soaking at 19 (dhase to the 16 kPa in-situ stress,
3.8% collapse) that presents excellent corresparedenth test CRS03 before collapse
and good correspondence with tests SL002 and CR$66b collapse, confirming the

(well known) validity of Jennings and Knight's appch.

The responses in suction are reasonably constait fests. As a result, comparable suction

decreases occurred during both collapses at 205 1&8ndPa. Constant suction during

compression was observed by some authors in samoplepacted dry of optimum (e.qg.
Tarantino and De Col 2009) but not in all casetigdokasa et al. 2007).

Various observations can be made from Figure 4:

There is excellent correspondence between all,te$tswing the good quality and

homogeneity of the samples tested and of the axpeatal procedures;

All rebound curves are comparable, confirming tidependence of the BBMparameter
(slope of the curve in the elastic range) with eesfo suction, a trend also observed by

Jotisankasa et al. 2007 in a artificial collapstnd;

Irreversible strain appears to develop from lovesdrin tests at zero suction (CRSO05,
SL002), reducing the yield stress to about 3 kPa;

Accordingly, the mutual positions of the constaratev content and zero suction curves
evidence above 3 kPa the progressive developmettiliaipse (an irreversible strain) up
to a maximum under 30 kPa. Below 30 kPa, the urst&ith sample is less compressible
than the saturated one (in agreement with the BBMlet). Above, it becomes more
compressible, as observed by Wheeler and Sivak(t886). The constant water content

curve progressively joins the zero suction linethwan intersection probably located
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between 1000 and 2000 kPa. The existence of a nnaxioollapse has been integrated in

some constitutive models (e.g. Jesal. 1992 and Georgiadet al. 2008);
- The collapse strain at 19 kPa (3.8%) is larger thahat 205 kPa (2.3%). Indeed, 19 kPa

is located below yielding (63 kPa) whereas a cosgive plastic strain of about 10%
developed prior to the plastic collapse strain.Gg2,

- The changes in collapse with vertical stress dustrated in Figure 5 that clearly shows
the maximum collapse at 30 kPa.

In-situ vertical stress = 16 kPa

3.8% Unsaturated
structured

]

|

]
Observed :
collapse ]
|

|

|

]

Potential of wetting collapse, (A€,).qapse (%)

1 10 100 1000
Vertical net stress, (o, - u,) (kPa)

Figure 5. Potential of collapse due to wetting

Discussion

The small suction changes observed during commressin be related to the low saturation
state of the samples with degrees of saturatioreastng from 47% to 62 % (Table 2). Based
on Laplace’s capillary law and under the approxenhaypothesis of cylindrical pores, a
40 kPa suction corresponds to a pore diameter ®fuih, which means that larger pores
should be dry. Given that the loess pore sizeibigton curve (not shown here for brevity,

see Munoz-Castelblanco 2011) shows that 6.8% ofptite volume corresponds to larger
inter-grains pores with diameter between 16 and 368 it is believed that compression
occurs by the breakdown of these larger and wedkepores with little effect on smaller

water saturated pores that govern suction chamgadge 2009).

At any stress, collapse brings the representatoret from the constant water compression

curve down to the “saturated” compression curveteNwmwever, as shown in Figure 4 (in
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which both the constant saturated void ratig,= 0.39), that collapse is far from erasing all

the initially dry porosity.

A qualitative interpretation in terms of changeli@ curves with the mobilization of either
plastic compression or plastic collapse is propaseBigure 4 in asdlog(a, — W) plot. The
initial LC, curve represented in the Figure is fully determibg the two yield points at zero
suction (A) and ats~ 40 kPa (B, oy — uy = 63 kPa). According to the BBM model, soaking
under 19 kPa starts in the elastic region and shiigt induce a slight elastic swelling (not
observed here). As drawn in Figure 4, the vertsmaking path curve then reaches thg LC
curve and plastic collapse corresponds to the ngoefrpoint A to A; and of curve L& to
LC,. Plastic compression at constant water conte20fokPa moves L{to a LG curve. LG

is defined by B (s= 40 kPa,g; — u, = 205 kPa) and A The position of Ais estimated by
(virtually) unloading the sample (using the knowrparameter), soaking it (with a small
rebound defined by an estimategdparameter) and compressing it elastically up eyield
defined by the intersection with the saturated a@sgion curve (62 kPa). Indeed, the;LC
curve appears to have a smaller inclination thap lilCistrating a smaller potential collapse
(Alonso et al. 1987). L&is afterwards moved to L&luring plastic collapse @moves to A)

with also a smaller estimated inclination.

Conclusions

Up to date experimental techniques (including gdéatests with suction monitoring) and
gualitative constitutive modelling of unsaturatexs have been used in the investigation of
the collapse behaviour of a natural aeolian loess Northern France. Compared to existing
data on reconstituted collapsible soils, the follayvset of conclusions can be drawn for a

natural soil:

- Suction measurements showed that constant watérdaompression tests occurred at a
fairly constant suction (even at yielding). Thisesplained by the compression induced
collapse of the largest dry pores of the loessh Witle effect on the smaller hydrated

pores that control suction changes;

- Given the aeolian origin of the loess, yield is raated to any previous applied stress but
to the bonding due to carbonate re-precipitatiotwben the grains, resulting in less

apparent yield values compared to compacted soils;
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- The response of the loess to compression is tiperdkent. Whereas the trend governing
the changes in yield stress with strain rate isveoy clear and needs further investigation,
the plastic compression paramefeappears to be time dependent unlike in saturated f

grained soils that are generally characterisednbg@ach-type viscous response;
- A maximum collapse is observed at a vertical nessstof 30 kPa,;

- The volume change behaviour has been qualitatiaédypreted by means of the LC curve
concept, the inclination of which varied to accotdiot the existence of a maximum

collapse;

- The magnitude of collapse is known to increase ‘witfher suction. This is the case
during dry periods, in particular like in Figurewhen the layer of collapsible loess has
been directly exposed to atmosphere and does exgerievaporation. As a result, the
magnitude of the collapse observed in the photddcba significantly higher than that

measured here.
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4.3 Caractérisation du comportement hydromécanique du bess de

Bapaume

Cette derniére section présente les résultatssdagseriaxiaux a différentes teneurs en eau et
a des chemins de contraintes divers (compressiotnope, compressionk, anisotrope,
cisaillement triaxial & confinement constant). Eltepose aussi des couplages des propriétés
mécaniques (comportement a de déformations faibt@snportement a la rupture,
compressibilité apres la rupture) avec les caratigues hydrauliques (courbe de rétention

d’eau) du lcess. Une analyse de ces couplages ia garrdle de la microstructure est

€galement proposeée.

D’aprés les analyses réalisés, le loess est un éépén naturel caractérisé par une structure
composée d’'un arrangement métastable de grainsnde dont I'espace poreux est rempli
d'agrégats argileux ayant un potentiel important deangement de volume. Ces
caractéristiques donnent a ce matériau des prépriggdromécaniques particulieres telles

que :

- une compressibilité qui augmente avec la succion ;

- un risque deffondrement assez important lorsqum Iremouille sous chargement

anisotrope;

- une augmentation de la rigidité du loess avec lxienca de déformations faibles

(associée a I'état non-saturé des agrégats argjijeux
- un comportement de plus en plus dilatant au farraesure que la succion augmente ;

- une hystérésis hydraulique importante a I'étatcintaitial et a des teneurs en eau faibles.
Ce phénomene est lié aux changements de volumagiégats argileux lors des cycles
de séchage — remouillage. L’hystérésis est fortémégtuite si on soumet le sol a un
chargement mécanique. On peut supposer que l'apiplic de charges externes
endommage les agrégats argileux, ces derniers kanprincipaux responsables de
I'hystérésis (on a aussi observé un peu d’hyster@gie hautes teneurs en eau, associée

aux effets capillaires dans les pores entre laagde limon);

- un comportement en général isotrope associé armaefellipsoidale des surfaces de
charge obtenues, lesquelles sont similaires a petiposée dans le modele Cam-Clay
pour les sols saturés. D’ailleurs, on a observédifiérence entre la forme des surfaces
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de charge et les incréments des déformations queesti Ceci est lié a une loi

d’écoulement plastique non-associé.
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Mufioz-Casteblanco, J., Delage, P., Pereira, J.I@u&Y.J.
Hydromechanical behaviour of a natural unsaturatedoess

J. A. Mufioz-CastelblancpP. Delage J. M. Pereiraand Y. J. Cui

A comprehensive experimental study has been caouedo investigate the couplings of the
compressibility and yielding behaviour with the amatetention properties of an unsaturated
collapsable natural loess from the aera of Bapa(iwthern France). Hydromechanical
couplings of the Bapaume loess behaviour were aedlipy means of triaxial tests conducted
on a novel apparatus providing a complete local itndng of strains, suction and water
content. Scanning electron microscope observatiohsthe microstructure were also
performed before and after triaxial testing. Tredeesults are interpreted on the basis of the
effects of moistures changes on the mechanicalviimimaand of the impact of mechanical
loading on the water retention properties. The yammlof the role of the microstructure of
loess on its coupled hydromechanical behaviour shtvwe main effect of the swelling-
shrinking potential behaviour of the clay aggregadithat partially fill the pore network of an
open and metastable arrangement of silt graingh&uconstitutive modeling should account
these microstructure features with a non-standamshpecessibility behaviour, a collapse
sensibility and an overall structure-dependent biydrchanical behaviour.

KEYWORDS: Loess; hydromechanical couplings; mianasure; hysteresis; non-standard
material

Introduction

Research on the hydromechanical behaviour of uraatl soils have been concentrated on
the constitutive modelling of the coupling of hydrechanical properties (e.g. Alonsbal.
1990, Wheeler and Sivakumar 1995, Wheeler 1996dar1998, Jommi 2000, Vaureital.
2000, Gallipoliet al. 2003, Wheeleet al. 2003, Tarantino 2007) and on the experimental
characterisation of this behaviour, especially ompacted and reconstituted soil samples
(e.g. Maatouket al. 1995 on an unsaturated loose compacted silt fraréb€c, Cui and
Delage 1996 on a unsaturated compacted JossignyRsimero and Vaunat 2000 on a
compacted clay, Cunninghaet al. 2003 on a reconstituted unsaturated silty-clayaiino
and De Col 2008 on a compacted clay, Jotisankasd. 2009 on a compacted silty-clay).
Coupling includes the dependence of yielding andhpressibility on water retention

properties and vice versa.

However, there is little experimental evidence lom éffect of hydro-mechanical couplings on
the behaviour of natural soils. Natural soils irsatnirated conditions are yet very common

around the World, especially in tropical, arid a®ini-arid regions (Dudley 1970). There is a

" Ecole des Ponts ParisTech, Laboratoire Navier RI@ES, Université Paris-Est
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large variety of problematic soils that may be emtered in the field, such as high plasticity
swelling clays (high potential to swell and shridke to wetting and drying, respectively),
alluvial deposits (collapse potential due to metalst structure), colluvial soils and also
aeolian soils, like loesses, that are characteri@ed metastable structure prone to collapse

due to wetting.

Widespread aeolian loess deposits are located ith&to France (Antoinet al. 2003, Cuiet

al. 2004, Delaget al. 2005). In most areas, they are naturally unsadrand characterized
by satisfactory geotechnical properties with notipalar problematic behaviour. In some
areas however, some layers of loess are charaadelyg a significant calcareous content, a
high porosity and a low plasticity. These featulead to a metastable structure that is
strengthened by suction when the solil is partisdijurated. A loss of stability of the structure
may appear upon wetting which leads to relativalgé volumetric deformations due to the
collapse of the open structure of the soil. Thikapse behaviour of loose unsaturated soils
has been observed and described by many authduslimg Bardenet al (1973), Yudhbir
(1982), Alonsoet al. (1987), Cuiet al. (2004), Delageet al. (2005), Hormdee (2008),
Punrattanasin (2008), Yuan and Wang (2009).

This paper presents an experimental campaign d#vtethe characterisation of the
constitutive hydromechanical behaviour of an inteess. Loess samples have been extracted
from a site close to the city of Bapaume (Frantég collapse susceptibility of the loess has
been already investigated by different authors (&ual 1995, 2004, Delaget al 2005,
Karam 2006, Yangt al. 2008, Karamet al. 2009) in relation with some stability problems
(due to water infiltration) detected on the loessnidation deposits of the high speed train line
linking Paris to Brussels (LGV Nord). The loess @vatetention properties have been
investigated in detail in Mufioz-Castelblanebal. (2011b) in relation with microstructure

features.

A series of constant water content triaxial tesés \werformed in a newly developed triaxial
device for unsaturated soils (Muioz-Castelblaetoal. 2011a) at three values of water
content, i.e. close to saturatiom € 27%), at initial natural water content € 14.4%) and in

a drier statew = 10%). The specimens were loaded following thrferént stress paths:
isotropic compressiorko anisotropic compression and shear loading. Thegystem allows

a complete local monitoring of the state of theatasated soil sample during testing thanks to
the combined use of a new local resistivity probe Water content measurement, of Hall
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Effect transducers to measure the local displacesm&md of an in-house constructed high

capacity tensiometer to measure suction (Manth®200iet al. 2008).

In order to analyse the impact of mechanical logdn the water retention properties, the
water retention curve (Mufioz-Castelblamtal. 2011b) of the intact materiady(= 0.85) was
compared to the retention curve of a denser specithat was obtained by oedometer
compression under the natural hydric state-(14.4%,s = 40 kPa) down to a lower void ratio
& = 0.65.

Material and experimental setup
Bapaume loess

The soil studied is an intact unsaturated loessetad from a deposit located in an area near
to the city of Bapaume (Northern France). Thesesdogeposits were formed during the
Quaternary period under periglacial conditions frtme aeolian transport of silt particles
eroded by a constant North West wind (Antoine 2082toine et al. 2003). The loess is
characterized by a relative homogeneity, a lowtig, a high porosity, a carbonate fraction
of 6% and an open structure that explains its qigxkty to collapse when saturated (Cati

al. 2004, Delaget al. 2005, Yanget al 2008, Karanet al. 2009, Mufioz-Castelblanaat al.
2011a,b).

Intact loess blocks were manually extracted frobna deep excavation in cubic boxes of 300
mm side and immediately protected by paraffin cgatand with a plastic film to avoid
evaporation. The void ratio at natural state isualtib85, the natural water content is 14.4%
and the initial degree of saturation is 44%. Thesfit properties are quite low, & 9, w, =
37%,w = 28%) and the Casagrande classification of tlesdds CL. The water retention
properties of the loess have been investigateckiaildn Mufioz-Castelblancet al. (2011b)

in relation to its microstructure. The sand, sillaclay fractions are equal to 2, 82 and 16%
respectively. The dominant clay minerals are kat@jrillite and interstratified illite-smectite
(Cui et Marcial 2003). The loess contains 6% oboaates, a component known to provide
some bonding between particles due to the alteratio primary carbonates (MgGQor
CaCQ) followed by re-precipitation (“Loess is not jukie accumulation of dust”, as quoted
by Pécsi 1990).
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Triaxial apparatus

The employed apparatus incorporates local measmtesensors of displacement, water
content and suction, installed at the midheighthef triaxial sample. Axial and radial strains
are locally measured using a set of Hall-Effectsses. Local suction is measured by using a
miniature 500 kPa high capacity tensiometer of @@m5 mm (Chiuwet al. 2002). Water
content is monitored by using a home-designed redattesistivity probe of diameter 11 mm.
This new device is described in detail in Mufiozt€xancoet al.(2011c).

An overall view of the device is presented in Feglir Air pressure (maximum value 1 MPa),

is regulated by a computer-controlled electro-vdk)e An air-liquid interface cell (9) is used

to transmit the air pressure to the fluid. Thedlpressure is measured using a pressure gauge
(5) of 500 kPa capacity. The shear load is appbgda strain-controlled press (1) and
measured by an external load sensor of 5 kN capétjt The cell base accommodates the
connection wires of the different immersed sensbhe cell chamber consists of a Perspex
cylinder and of top and bottom plates. The topepladuses a valve to apply the confining
pressure (Figure 1).

Testing programme and procedure

One isotropic compression, oKg compression and one triaxial shear test were pagd on
saturated loess specimens. The isotropic compresssd was performed at a rate of 0.6 kPa
per minute after consolidating and saturating thecenen under isotropic conditions. The
samples used in th&, compression and the triaxial shear tests wereiqusly consolidated

at natural state up to the in-situ stresg £ 17 kPa andog, = 8 kPa) by a drained,
compression path (CAD) where lateral strain wadrotlad, close to zerog = £0.0035%).
The samples were then saturated under in-situssstase by applying a water pressure head
of 50 cm (5 kPa). After these different stages, specimen was submitted to a drained

triaxial shear (CID) test and the other was loaldidwing theKj path.

To study the compressibility and yield behaviourtltd unsaturated loess, two isotropic and
two Ko compression tests were performed at water contérit4% and 10% respectively. The

main characteristics of the tests are given in @dbhdnd Table 2. To study the influence of the
suction on shear behaviour, two drained triaxiaash(CID) tests were performed at water
contents of 14.4% and 10.5%. The shear tests werfermed under a confining stress of 8
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kPa corresponding to the horizontal in situ str@$& main characteristics of these tests are
given in Table 3.

@ 90" turned view

17. Perspex cylinder

18. Cell chamber (1 MPa)

19. Loading piston

20. Top plate

21. Cell base

22. Lower cap

23. Top cap

24. Top drainage

25. Porous stone

26. Soil specimen

27. Latex membrane

28. o-rings

29. Tensiometer

30. Radial strain transducer (Hall Effect)
31. Axial strain transducer (Hall Effect)
32. Resistivity probe

Figure 1. Modified triaxial cell

The specimens were trimmed from intact blocks (rétinitial statew = 14.4%,S = 44%

suctions = 40 kPa). The initial void ratio varied betwee®2 and 0.85, corresponding to
small variations in the initial porosity between%4d@and 46% respectively and illustrating a
relatively homogeneity in the block. To achieve @ev content value of 10%, samples were

178



Chapitre 4. Comportement hydromécanique

submitted to controlled evaporation under labosatmnditions for a period of time of about
15 hours. Once the target water content was reathedpecimen was placed into the triaxial
cell and the local displacement sensors, the haglaaty tensiometer and the resistivity probe
were placed at mid-height. Complete equilibratioh soiction and water content was
monitored and measurements showed that stabilisatas reached within a maximum of 6
hours. The equilibrated measured suctions at14.4% andv = 10.5% were 40 kPa and 100

kPa respectively.

Test Wo € v=1+¢ S (P—Wy | &ield | Wyield | Syietd (KPR) | A(S) K

(%) (kPa) | (kPa) (%)
CI-SAT | 25.5| 0.84 1.84 0.9 53*| 0.84 2556 15 0.096 .020
Cl-14% | 14.2] 0.85 1.85 44.7 147 0.83 14/4 40.6 0.1.50.007

CI-10% 10.5| 0.84 1.84 101.p 227 0.83 112 98.5 $.1120.004
* The mean yield net stress correspondote (4,), for the saturated test

Table 1. Isotropic compression tests data

Test Wo l+g S (P—Wy | &eld | Wyield | Syield | A(S) k Ko
(%) (kPa) (kPa) (%) (kPa)
CKy-SAT 25.0 1.84 0 26* 0.77 24.8 -0.5 0.156 0.076 00.5
CKq-14% 14.3 1.83 44.0 82 0.76 156 431 0.194 0.033460
CKq-10% 10.6 1.84| 107.3 137 0.81 10/9 933 0.241 0.,00945

* The mean yield net stress correspondote (4,), for the saturated test
Table 2.Ko compression tests data

Wo S E - Wyield ield
Test @) | ® | «Pa) | (MPa) v (k%ya) (szp;) T | Sied | (o (?Pa)
S-SAT 259 | 084 03 36| 021 13 13*] 0Bl 26/1 0
S-14% 140| 084 386 9 022 34 21| o0[83 132 437
S-10% 106| 084 981 28 020  11d 46] 083 102  94.2

* The mean yield net stress correspondote (4,), for the saturated test

Table 3. Triaxial shear tests dates £ u,) = 8 kPa when unsaturateds ¢ u,) = 8 kPa when
saturated.

The Ko compression test were carried out by increasiegctil pressure at a changing rate
comprised between 0.3 kPa to 1 kPa per minutedardo maintain the lateral strain equal to
zero. An axial strain rate of 0.010 %/mn (corresping to a speed of 10 um/mn) was used in

the triaxial shear tests,.

The volume of each specimen was carefully deterthjust after specimen preparation and at
the end of the test by using a precision callip&lume changes were also measured by
monitoring the axial and radial strains at the midght of the specimen. A good agreement
between results from both methods was observedodd gorrespondence of water content
values was also observed between an external neepsuiormed by weighing at the final

state after testing and the measurements givehebgléctrical resistivity probe.
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The stress variables considered in the analysithareet mean stresg € u,), the deviatoric
stressq and suction s =u§ — uy), in which u, and u, are the air and water pressures
respectivelyp = (o1 — 203)/3 andq = (01 — 03) with 01 andgs.being the axial and radial stress

respectively.

Experimental results
Stress-strain behaviour in the saturated state

The initial stages of consolidation and saturatioih the isotropic (CI-SAT) andKy
compression tests are presented in Figure 2.

In test CI-SAT (gray points in Figure 2), the speen was initially isotropically consolidated
under its natural statev(= 14.4% ands = 40 kPa) up to a confining pressure of 20 kPa.
During this stage, represented as a function oé imFigure 2(b), no signification volume
change was observed. The sample was then satwatkst 20 kPa by applying a back-
pressure of 10 kPa at the bottom of the sampleewtvhnecting the top valve to a water
reservoir under atmospheric pressure. Figure D@ys the observed swelling af = -0.25%

that is coupled with a suction decrease from37.6 kPa to zero and a water content increase
from 14.7% to 25.8%. A Skempton coefficieBt = 0.97 was obtained, showing good

saturation.

TheKj anisotropic compression tests (&8AT, black points in Figure 2) were carried out by
submitting the specimens at natural state=(14.4% ands = 40 kPa) to &, compression
path (Figure 2b) until the in situ stress statgesponding tay, - u,= 17 kPa andy, - u, = 8
kPa p - u, = 11 kPa). A compression strain of 0.3% was olekrwhen bringing the
specimens back to in-situ stress state. Specintaratian was then performed (Figure 2c) by
applying a water head of 50 cm (5 kPa) at the baslee sample while keeping the confining
stress constant at 8 kPa. During saturation, suckezreased from, = 37 kPa to zero, water
content increased from 14% to 25.1% and the shiessssdecreased significantly from 10 kPa
to 3 kPa with a compression strain of about 1%sTdumpression response under a final
mean net stress of 6 kPa significantly differs froime swelling deformation previously
observed during saturation under a final effects@ropic mean net stress of 10 kPa. This
compression, related to collapse under wettingwshihe drastic effect of the initial shear

stress component (9 kPa).

180



Chapitre 4. Comportement hydromécanique

20 20 20
»e= K, compression test Loading under w,, | Saturation
. +++ |sotropic compression test T
@ 15 o 15+
o 3
= : =
o In-situ state 1 g
g 10 o
— LT
5 e
@
Q
=
7]
O .
Mean net stress, p - u, (kPa) ’ Time (min) Time (hours)
0 5 10 15 20 25 0 15 30 45 2 4 6
05 —— 71— 05— ——— 05— :
i . s
[ | " Saturation [ Isotropic path (w..) J/'M
o sotropic path (w, na Y .
T O0f  wewe ».?,:ﬁ»‘om&fj‘)‘.m'w JOR— 4 0 W ot Isotropic
W -_—;:. L. 4 4 oy '_‘-' '-‘ e ‘.:-.'- ‘. * .
E~ :--\-M:'..v,‘_'fqﬂ . 3_:: r Voot rber -‘W-HV‘\W L
Iy Ko path (w,,) a8 % . W K a;th W) & Saturation
@ 05 A Saturation 05+ o P nat! |
o a
© t : t
£
=
S 1r 1+
X Loading under w,,
15- 150
g
= o
33
g
3 21 =
w [y
o a
o =3
@ . =
v 40T 1
o
; I 1 i 1 1 | 1 | i | 1 1 L | L | ! 1 L | L 1
0 5 10 15 20 25 0 15 30 45 2 4 6
—_ Mean net stress, p - u, (kPa) Time (min) Time (hours)
£ 30p 30 30
2 I - | 9 i
£ 7 = i = 257
2 a0} Isotropic | _ 20} 20 Wina = 25%
8 K, path l' 3 W = 14%
3 I x * Saturation
@
s 10" In-situ state 1= -
€) (b) Consolidation (c) Saturation

Figure 2. Consolidation - saturation processestdp@ andk, compression tests

Data obtained during the isotropic (CI-SAT) afganisotropic (CK-SAT) compression tests
on the saturated loess are presented togethegime=8. A plastic compressibility parameter
[A(s=0) = -A(1+e)/Alog p'] of 0.096 was calculated from the data of testSAT in the post-
yield range. A yield stregs, = 53 kPa can be determined by using Casagrandsisoch. The
explanation of such a high value (to compare tartkgtu stress state and given the swelling

observed under saturation) is not easy to figute ou
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Figure 3. Isotropic and &compression tests on saturated loess

The data of test CKSAT shows a compressibility parametd{s=0) of 0.156 after
saturation, higher than that of test CI-SAT. A glistresg’y = 26 kPa was observed.

Isotropic compression tests

Figure 4 and Table 1 present the results of thigap@ constant water content compression
tests performed atp = 14.2% (test Cl-14%) andp = 10.5% (CI-10%) that are compared
with the data of test CI-SAT. All specimens havenparable initial void ratios of about 0.85.
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Figure 4. Isotropic compression test results orispens at different initial water content values

The following observations can be drawn from thguFeé:

- In agreement with a well established feature ofaturated soils captured in the BBM
model (Alonsoet al. 1987, 1990), the isotropic yield stress increaséh increased
suction from p —uy)y = 53 kPa at zero suction tp{ U)y = 147 kPa as = 41 kPa (natural
state at 14,2%) and tp ¢ u,), = 227 kPa as = 98 kPa (dried state at 10%); these values
allow the determination of the LC curve of the ®ésat will be further commented later
on;

- The plastic compressibility paramet#s), equal to 0.150 at initial natural state £ 14.2
%, s = 41 kPa) decreases to 0.125 when the sample is afrigd= 10% € = 98 kPa), in
accordance with the BBM model; conversel{s) decreases to 0.096 when the sample is

initially saturated (Table 1);
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- The elastic swelling parameter= -A(1+e)/Alog (p — w) obtained in the pre-yield range is
« = 0.007 in the initial state¢ = 0.020 after saturation and it decreases +00.004 after
drying (s = 98 kPa);

- Extending the double oedometer approach (Jennimgigaight 1957) to isotropic stress
conditions, one can observe in Figure 4 that thgmbade of collapse significantly
increases when the sample is dried fran= 14.2% to 10%. The observed values of
maximum collapse are equal &p= 1.5% ands, = 3.0% respectively and take place under
isotropic stresses of 132 kPa and 332 kPa respéctiv

Figure 4 also shows the changes in suction with bo¢an net stresp ¢ u) and axial strain

& during the isotropic compression. Suction does ai@nge in the pre-yield range but it
slightly decreases in the post-yield range fronv4dRa to 33.2 kPa in test CI-14%, and from
101.2 kPa to 93.6 kPa in test CI-10%, coupled wiitpht increases in degree of saturation
(AS = 3% in test CI-14% andS = 5% in test CI-10%). The comparison with global
measurements validates the low changes monitorediter contents in the unsaturated tests.
Quite low variations of water content were obserdeding the zero-suction test CI-SAT.
Under the hypothesis of no volume change at thacinstate, a degree of saturation of 1
theoretically corresponds to a water contentwoE= 31.8%. Since the initial degree of
saturation is lowerg; = 0.81), it is very probable that the sample isfnlly saturated when
put under zero suction by infiltrating liquid watexs quoted in Mufioz-Castelblaneb al.
(2011b), total saturation of intact loess specim@rs 0.85) seems to be not possible when
soaking at low external pressure (i.e. atmosph@assure). As a consequence, since the final
degree of saturation after loading is 0.86 (ee= 0.77), the water content could remain
merely constant during mechanical loading as indifer unsaturated tests. This is actually

what is observed in Figure 4.
Ko compression tests

The K, compression testing programme carried out is sumzedhin Table 2K, stress paths,
were carried out under a constant axial strainga@®010 %/mn by controlling the confining
pressure so as to ensure a no lateral strain comdi®bservation of the Table shows that
drying does not significantly affect th&, value that slightly decreases from 0.46 to 0.45
when drying the sample (witkg = (03 — U)/( 01 — Uy)) Whereas it increases to 0.5 after

saturation (withKo = (g3 — Uw)/( 01 — Uy)).
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Figure 5 shows the results obtained from the spamsnat natural initial water contemty(=
14.3%,s, = 44 kPa, test C§14%), after drying atvp = 10.6% & = 107.3 kPa, test GKL0%)
and after saturatiomg = 25%,sy = 0 kPa, test CiSAT). Saturation, performed by wetting
the sample undef, conditions exhibited @ = 1.0% collapse strain, opposite to #e= -
0.25% swelling that was observed in isotropic cbods (see Figure 3). The difference might

be due to the slight shear component acting ukiglepnditions.
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Figure 5K, anisotropic compression test results on speciraedgferent initial water content values

The following observations can be drawn from thguFe:

- As under isotropic compression, yield values ardél wlassified with respect to suction:
the yield value unddf, conditions at natural state is equal to 82 kRmicantly smaller
that that obtained from isotropic compression (kR@). It decreases tp £ u,)y = 26 kPa

after sample saturation (compared to 53 kPa ursidropic stress) and increases fio-(
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Ua)y = 137 kPa when dried at 10.6% (compared to 227kRier isotropic stress). These
values provide a further determination of the &dsnit surface in thed, p — 4, 9 space
that crosses the(p — u) plane through the LC curve;

The plastic compressibility parametdi,(s) slightly decreases when saturating the
specimen fromA,p(42 kP3a = 0.194 toA,p(0) = 0.156, making the saturated specimen
slightly less compressible than in initial unsateda conditions; conversely] «o ()
slightly increases withl ,,(93 kPa) = 0.241 when drying the specimen at 10.6 % at
suction of 107.3 kPa. These two observations dofoltdw the common volumetric
behaviour feature of unsaturated soils as desciilyetthe BBM model (note that the so-
calledA .o parameter is not a constitutive parameter, sindkeistrates the response of the
soil to a boundary problem. This is even more given thatK, depends on suction, as
seen in Table 2 although it would appear reasonableonsider it independent in a
constitutive law to simplify. Indeed] o should be calculated from the constitutive law
that should account for the variations in volumarafes due to thi€, proportion of shear
stress involved during plastic flow);

Axo(S) values are significantly higher than thds) values (isotropic compression) and
they don’t change in the same way. The differescdue to the shear component of the
stress state iy conditions, the importance of which has alreadgrb@oted when
soaking the sample under both isotropic &gdconditions. This sensitivity is thought to
be related to the loose collapsible loess structilne stability of which is known to be
highly affected by local shear stresses (Burlargt6).9

In the pre-yield range, the compressibility paramegk, decreases with increased suction:
Kko= 0.033 6 = 42 kPa) andxy= 0.009 § = 93 kPa) with higher values than in isotropic
tests. In ideal isotropic elastic media, the she@nponent has no effect on volume
changes andk o should be equal ta values (a reasonable hypothesis in modelling).
However, since elastic and plastic deformationrereseparated in natural soils (as seen
in particular here on the compression curves afratgd samples), it is probable that the
phenomenon described above also intervenes at stratis;

Given the changes in plastic volume changes obderader Ko conditions, the
dependency of collapse strains with respect tosthess applied is somewhat different
when compared to isotropic collapse, again enhgnttie important effect of the shear
component acting iy conditions (a situation in which most experimentallapse

investigation are made). As observed in Figurdé,nmagnitude of collapse also increases
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when the sample is dried from = 14.2% to 10% for th&, conditions. The observed
values of maximum collapse are equalsie= 4.1% ands, = 7.7% respectively and take

place under mean net stresses of 68 kPa and 15@&pectively.
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Figure 6. Potential of collapse due to wetting

Figure 5 also shows the suction variations with meat stressp(— u,) and axial straing
during Ko anisotropic compression tests. Suction slightlgreases from 44 kPa to 38 kPa
during the post-yield range at initial state (t€#t-14%). A suction decrease, from 107 kPa
to 90 kPayas also observed in test gK0% during the pre-yield rangp € u, from 10 to 50
kPa). The observed water content variations are donv (£0.5% in test CiSAT, £0.5% in
test Ck-14% and +0.8% in test GKL0%), compared to the water content sensor poacTisi

equal to +0.3%.
Drained Shear Triaxial Tests

The drained shear triaxial (CID) test programmedemted with a constant confining pressure
of 8 kPa is summarized in Table 3 and results ef tbsts S-14 (initial state), S-SAT
(saturated) and S-10% (dried at 10%) are givenigurE 7. Soaking was performed under
constant in-situ stresgi{ — u, = 16.4 kPags — u, = 8.3 kPa) resulting in a high axial stragm (

= 1.3%) and ajg) = 1.3% collapse contraction that completely reéebthe deviatoric stress,

evidencing gain the important effect of shear dilapse volume changes.

Compared to the initial natural state, saturatiamiScantly decreased the stiffness and
resistance of the specimen whereas drying signifigatrengthened it. In the tests at initial
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water content (S-14%) and saturated state (S-Shilyre occurred by bulging without
apparent localized shear planes whereas a shaw pias observed on the dried sample (S-
10%) atwp = 10.6% hence exhibiting a more fragile behavi(age Figure 8). All volume
change curves show continuous contraction.
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Figure 7. Shear triaxial test results on specinambfferent initial water content values
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Figure 8. Shear plane in the shear triaxial tegtaier content of 10.6%

In the drier sample, there is apparently a contadilation transition phase in the
volumetric response at small axial strains, priothte onset of localisation. The development
of dilatancy at higher suction has been observed @ompacted silt by Cui and Delage
(1996) and discussed by Pere@taal (2005). Contraction afterwards again occurs when
becomes larger than 1.6%. Actually, both the volmmend shear responses at larger axial
strain rather reflect the behaviour of the two {saimples sliding along the shear plane and

are no longer considered as being representatigecohtinuous sample.

In the samples av = 14.0 and 25.9% (saturated) in which no failul@np was observed,
there is no critical state attained in spite ofihg\a fairly constant shear stress. In both cases,
continuous shearing kept on contracting the spetiatea constant rate up to around 5%,

again emphasising the effects of shear on sampileamion.

Elastic behaviour was observed after saturatiotesh S-SAT froms; = 1.3% to& = 1.5%,
with a Young’'s modulus of 3.6 MPa and a yield strgs= 13 kPa ats; = 1.6%. At initial
state, (S-14%w = 14%, s = 39 kPa), the stress — strain curve shows a pseladtic
behaviour up to an axial strafin = 0.7% before yielding aj, = 38 kPa. In the sample dried at
10% (S-105 = 99 kPa), yielding is observedgt= 114 kPa £, = 0.6%) before a peak in the
stress — strain curve qt= 132 kPa £ = 1.2%). The Young's modukt change in a typical
manner, with a decrease from\® € 14%, s = 39 kPa) to 3.6 MPa upon saturatiorn=(
26.3%) and an increase up to 28 MPa upon dryintp&t while the Poisson coefficients

stays equal to 0.21 in all cases, independentigefuction changes.
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At the saturated state, tlag g, curve is almost parallel to the line (1 v)Zorresponding to

elastic behaviour.

The changes in suction with respect to both atralrsand mean net stress are also presented
in Figure 7. At initial state (S-14%), after antial decrease below 0.3%, suction increases
from 38 kPa to 60 kPa between 0.3 and 6% to afteisvdecrease to a final value of 52 kPa.
Conversely, suction remains almost constant irdtiedd sample (S-10%). The local resitivity
gauge confirms that water content is also almoststamt during all tests. The constant
response in suction in the dry sample is compatible the results obtained in compression
in samples compacted dry of Optimum (Li 1995, Genhal. 1995, Romero 1999, Tarantino
and De Col 2008). In dry compacted soils, compogsis known to affect the arrangement of
aggregates that are broken and brought togethar denser state, while suction, which is
governed by intra-aggregates phenomena, is nottaffeand remains constant inside the
aggregates. In the case of the Bapaume loess, asnshy Mufioz-Castelblancet al.
(2011b), the distribution of the clay fraction withthe loess granular skeleton is not
homogeneous, with, at low water contents, somesasealean and dry grains and other areas
where clay aggregations are surrounding and envgjdpe grains. It is thought that in drier
conditions, the macroscopic response is more gedeoy the response of the dry inter-grains
skeleton with little effect on the drier and stiffelay fraction. Note however that this
interpretation only holds before strain localisati@, < 1.5%). It is not surprising, at higher
axial strain, that the relative movements of the tvalf specimens along the shear plane has

no effect on suction.

Effects of moisture changes on the mechanical behaur
Yielding behaviour

The yield points from all the tests are plottedetibgr in theg/(p - w) plane together with the
extrapolated yield loci at constant suctions (exaeasured values indicated at each point)
and the plastic strains directions in Figure 9.yAdlld loci have an ellipsoidal shape similar to
a modified Cam-Clay type one with th& line crossing it close to the ellipse apex. The
symmetry of the yield curve along tpe u, axis evidences a structural isotropy. Yield points
from isotropic tests are located in thpe-(w, S) plane and define the LC curve whereas those
from Ky tests are positioned withkg inclination while those from constaat shear tests are

located along thep(=qg/3 + g3) lines at each suction. Two additional yields p®iwere
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plotted, corresponding to@erconstant path and @constant path, both started from the in-
situ stress state and performed at the naturaithgtiate v = 14.4%.s = 44 kPa).
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Figure 9. Experimental determination of yield cua different suctions. Experimental suction
values at yield in kPa are indicated on the sideagh yield-data point

The changes in mean yield net strgss- (1,)y with respect to suction and deviatoric strgss
are shown in Figure 10 for each test in a 3D diagi@ p — W, Us - W,). The evolution of the
yield mean net stress with suction for the isottdpsts has the standard convex shape of the
loading collapse (LC) yield curve of the Barceldasic Model (BBM, Alonscet al. 1987,
1990). The 3D presentation allows an extensiorhefliC curve in they, (p — W),(Ua — W)
space of the yield points obtained at g compression and the shear triaxial tests. The
projections of these yield points on thee-(w, S) plane show a convex shape of the projected
Ko yield curve, whereas a concave shape is observdatideshear yield points that evidences

the effect of the deviatoric stress.

The modified Cam-Clay type yield locus of Figures$ymmetrical with respect to tipe- u,
axis and differs from the inclined ones obtainedumsaturated anisotropically (statically)
compacted soils by Cui and Delage (1996) on adiilthe same aeolian origin and by
Jotisankasat al. (2009) on an unsaturated compacted silty claig. ¢domparable to the yield
locus of an isotropically compacted clay presermed/heeler and Karube (1996) and to that
of a natural unsaturated residual degrade sanddsigngachado and Vilar (2003). Rock

degradation hence appears to be an isotropic aleasdoes not induce any anisotropy.
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Figure 10. Evolution of yield mean net stress wgitlation and deviatoric stress

The isotropy observed in Figure 9, that is scarodgerved in intact natural soils, is thought
to be due to the fact that loess is not a sedimgmtaposit comparable to sands or clays
sedimented in marine or lacustrine environmenessdas been transported and deposited by
wind, not in a vertical direction that could favaub-horizontal inter-grains contact and with
no significant overburden supported after depasi(ectually, a transverse isotropy could be
suspected along a plane perpendicular to the wiredttbn - West-North West in the case of
Northern France - but its identification would régqua precise orientation of the extracted
block). Also, the subsequent recristallisation alicite as a bonding agent is likely to be an

isotropic process not influenced neither by grawiy by the wind direction.

Except during isotropic compression, plastic sgane not perpendicular to the yield curve
evidencing a non associated plastic flow that seengenerally have the same direction as
the stress inclination. The expansion of the ygldace with increased suction illustrates the
“suction-hardening” effect proposed by Alonsb al. (1990) and also observed on some
natural soils (e.g. Machado and Vilar 2003, insaadeal soil from Brazil).

In Figure 7, the brittle response observed in thess-strain curve at suction 93 kPa (constant
03 = 8 kPa) can be related to an increase in therapp&ohesion” related to the intersection

of the yield locus with theg-axis (Figure 9). The shape of the yield loci shakat a smaller
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cohesion would be obtained at natural state 40 kPa) whereas it seems that no (or a quite

small) cohesion would be observed at saturated stat
Loess compressibility

The “compressibility parametedx/s) obtained from th&y anisotropic compression tests in
the post-yield range increases with suction whetkasisotropic compressibility parameter
A(s) is higher at natural statev(= 14%) compared to both the saturated and the drie
statesf = 10%) (Figure 11). According to Matyas and Radisdéka (1968), Abelev and
Abelev (1979), Alonst al. (1987), Wheeler and Sivakumar (1995), Cui and §eld 996)
(among others) suction stiffens the soil. in agreetmwith the observed decrease Agf)
between 40 kPa and 93 kPa and in disagreement evitthe one hand, the increasei(s)
between the saturated and the natusat @0 kPa) states and, on the other hand, with the

compressibility increase with suction in tkgecompression tests.
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(U, - U,)yiea (KPa)
Figure 11. Variation ofl(s) andA«4s) with suction in isotropic ank, anisotropic compression tests
In the data obtained by Jennings and Burland (1@62)ir-dried soils, the slope of the
compression lines is more or less constant wheteasreases with suction in the data by
Sivakumar and Wheeler (2000) on compacted soilss Tdature, that was associated to
collapse susceptibility by Maatout al (1995), is indeed observed here in the Bapaume
loess, in relation with a loose and metastablectira (Cuiet al. 2004, Delagest al. 2005,
Yanget al. 2008, Karanet al. 2009, Mufioz-Castelblana al.2011a,b).
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Collapse behaviour

A collapse upon wetting under in-situ stress steds observed in thi, tests (Figure 2).
Compression at the constant natural water conternt 14.4%,S = 0.46) affects a loose and
dry assembly of silt grains bonded together byeeithydrated clay aggregations links or
recristallised carbonate bonds (Pecsi 1991, Murastdélblancoet al. 2011b), that are
sensitive to changes in water content, given tb#t the compressibility and the amplitude of
collapse change with water content. In the samssldeposit, double oedometer tests carried
out on intact unsaturated loess samples at diffen@ral suctions (Cukt al. 2004, Delagest

al. 2005) and more recent microstructure investigatiMufioz-Castelblancet al. 2011b)

showed that collapse at= 14.4% occurred in some large dry pores betwésmagrains.

Extrapolating the concepts of the Sensitivity framek (Cotecchia and Chandler 2000,
Baudet and Stallebrass 2004) to unsaturated sodgrogressive convergence of the constant
water content compression curve towards the satliame observed in th& compression
tests (Figure 3), corresponds to the progressiugctste degradation by the mechanical
collapse of the largest pores. As commented beforepre complete structure degradation is
achieved by soaking under constant stress wittctinee joining the saturated one. Figure 3
would be fruitfully completed by the compressiomwuof a reconstituted loess but the first
experimental attempts in this direction were natcessful. The respective position of the
saturated and reconstituted curves would certaidy an interesting complementary

information with respect to structure consideragion
Role of microstructure in the mechanical behaviour

According to the microstructure analysis perfornbgdMuiioz-Castelblancet al. (2011b),
the Bapaume loess is characterized by a loose asefrsilt grains of mean size 30n with

an heterogeneous scattering of the clay fractitay @ggregations composed of kaolinite and
smectite-illite) among the grains skeleton andhatihter-grains contact. In Figure 12, SEM
observations of the loess microstructure before a@tel theKy triaxial test are presented.
Observations were performed at three hydric statesclose to saturatiorw(= 27%), at
natural statew = 14.4%) and in the drier state@ £ 10%). In Figure 12a, the microstructure
(i) of the saturated specimew £ 27%) shows an open arrangement of silt grains laitipe
inter-grains pores filled by hydrated and swolldaycaggregations. Th&, compressed

microstructure at a maximum mean net stress ofkBE3(ii) presents a denser arrangement of
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silt grains with deformed and broken clay aggregetiinto smaller inter-grains pores. In this
case, mechanical loading causes a decrease obthespzes and the plastic deformation of

clay aggregates that are very probably saturated.

Large inter-grains
pore space

Silt grains

E22 2000 10.0kV x2000 Spm ——

Clay matrix filling
the inter-grains pores

(1) Intact condition

Broken clay
aggregates into
the porous network

Silt grains into
the inter-grains
pores

i
8
E18 2000 D 10.0kV x2000 5pm —

Broken and deformed
clay aggregates

(11) After K, compression test.
(ev)inal = 13.2%

(a) saturated state, = 27%

Silt grains coated by
clay aggregations

Large inter-grains
pore space

Clay aggregations filling
the inter-grains pores

(1) Intact condition

Broken and deformed clay aggregates
into the porous network

Silt grains into

the inter-grains

pores

(i) After K, compression test.
(2,)final = 10.2%

Broken and deformed
clay aggregates

(b) natural hydraulic statey = 14.4%

195



Chapitre 4. Comportement hydromécanique

Clay aggregations Broken and deformed clay aggregates
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Figure 12. SEM observations in the loess microstirecbefore and after loading

At the natural water contentv(= 14.4%), thel, compression generates a denser organization
of silt grains with deformed clay aggregationsiridj the inter-grains pores (Figure 12b). In
this condition, clay aggregations, assumed toaliytibe and remain saturated (which appears
to be a reasonable hypothesis at a 40 kPa sucti@ygregates made up of kaolinite and
stratified illite-smectite minerals), seem to hdneen plastically deformed. At the drier state
(w = 10 %), the intact microstructure (i) in Figure li&composed by an open arrangement
of silt grains coated by shrinked clay aggregatéh & jagged aspect typical of dry clays
(Delageet al. 1996). Compression induces the breaking of clayegations and a reduction

of the pore size (Figure 12c (ii)).

The mechanical behaviour during the drained trlasizear tests performed at constant
confining mean net stregs- u, = 8 kPa (starting from the in-situ stress statguf@ 7) is now

analyzed with reference to microstructure changé¢ssaturated state, in which the stress —
strain curve (Figure 7) shows a ductile behavitmath the intergranular pores and the clay
aggregations (Figure 12a) are saturated, resuhiagoose structure where only the effects of
friction between particles and particles organ@aseem to control the mechanical response.
At natural statew = 14.4%,s = 40 kPa,S = 0.46), the stress — strain curve (Figure 7) also
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presents a ductile behaviour with a higher Youngluhas (9 MPa compared to 3.6 MPa in
the saturated state). In this case, only the ctayemations are saturated (according to the
combined analysis of microstructure and water teianproperties of loess, see Munoz-
Castelblancet al. 2011b) leading to a metastable structure; thegsdlins can mutually slide

one along another during shearing.

Impact of loading on microstructure and on water réention properties

In Figure 13, the relationship between matrix sarctand the water ratie, (comparable to
the degree of saturation) along the main wetting drying paths have been plotted at two
different void ratios. The water rate, (ey = Vw / Vs in whichV,, is the volume of water and
Vs the volume of solids, withéde, = -Gs dw in which Gs is the specific mass of solid grains)
has been selected as the volumetric state varesisieciated with matrix suction, based on the
definition of stress and work conjugate strain alles in unsaturated soils (Edgar 1993,
Wheeler and Sivakumar 1995, Houlsby 1997, Daeglal. 1997, Romero and Vaunat 2000).
In the same way, the volumetric state variable vaitb —e is associated with the stress
variable. Suction values are also plotted in fuorctof the degree of saturation in order to

normalize the water retention response at both ratids.

Further insight into the effects of the loadinghsatollowed on the water retention behaviour
of the loess can be done by plotting the suctioth \&ater content measurements obtained
during the tests in a water retention diagram {snathanges with respect to changes in water
ratio / degree of saturation), as shown in Figuefdr the isotropic compression tests. To
complete the analysis, a water retention curveiodthon the same loess at a void ratio of
0.65 by means of the techniques presented in M@astelblanco (2011b) has also been
plotted.

In test CI-SAT, the path corresponding to the wettprocess under an isotropic load of 20
kPa goes from the natural stae= 0.38 (v = 14.2%,s = 35 kPa) to a water ratio close to 0.7
(w = 25.6%,s = 0.4 kPa) with a swelling volumetric strain of28% e = -0.0023). At the
end of the isotropic loading path up to 283 kPa, whater ratio decreased downgp= 0.63
(w=24.0%,s= 1 kPa), corresponding to a final void ratio ofQ.At natural statesf, = 0.38,
w = 14.2%), water ratio is almost constant durirggrigpic loading with only a small decrease

in suction. At the dried state,(= 0.27,w = 10.5%,s = 101 kPa), suction is almost constant
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during loading with some small variations in watentent that could be possibly be due to

some noise in the electrical signal given by tsestevity probe.
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Figure 13. Hydraulic paths during the isotropic poession triaxial tests

In Figure 14, the hydraulic paths obtained during Ko anisotropic compression tests are
presented. In test GKSAT, wetting under in-sitio conditions € - u,= 17 kPa,on - u; = 8
kPa) induced a collapse of about 1.64é € 0.03) and water ratio afterwards decreasesy, to

= 0.62 (v = 22.9%) at the end of loadingth a degree of saturation close to 1. At thelfina
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point (& = 0.60), the representative point goes below thgemretention curve &= 0.85 to
reach a point located on the water retention cofv@ denser specimen &t= 0.65). For the
natural (o = 14.2%) and the dryng = 10.5%) states, the hydric paths also tend tohr¢tae
low porosity retention curve with a reduction iretbuction at the end of loading. The final
void ratios are = 0.64 for loading at the natural staig € 14.2%), andy = 0.72 for loading
at the dry staten = 10.5%).
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Figure 14. Hydraulic paths during tKg anisotropic compression triaxial tests
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Finally, in Figure 15, the hydraulic paths obtairteding the triaxial shear tests are plotted.
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Suction increases during triaxial shearing at teiral hydraulic statenp = 14.0%) while the

sample contractsg( = 4.4%). A similar behaviour was observed by Calares and Ridley

(2002) in unconfined compression tests on recatetit artificial clayey silt samples. They

obtained an increase in suction in test 45 97.1%,s = 26 kPa) of about/s, = 1.6,
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comparable to the suction increase observed hemegduiaxial shearing at natural staw, &
14.0%,S = 46%,s = 40 kPa), equal te/sy = 1.5. It seems necessary to invoke strong
deviatoric effects in the reorganisation of thesirgrains menisci network to interpret this
unexpected increase in suction while the sampléracts at constant water content (giving

rise to an increase in the degree of saturation).

Conclusions

A new triaxial apparatus with complete local monitg of the state variables of an
unsaturated soil (strains, suction and water cohi®as used to carry out an experimental
program on an unsaturated natural collapsable ltmss Northern France. The effects of
moisture changes on the mechanical behaviour wasyzmd through isotropic an#g
compression tests together with shear tests a¢ thater contents. The compressibility index
from Ko compression tests tended to increase with inctessetion, contrary to the standard
suction stiffening effect of unsaturated soils cagd in the BBM model. Conversely, yield
stresses were observed to increase with suctioilg ire compression curves tended to
converge towards the saturated compression curbightstresses, a feature to relate to the

progressive degradation of the loess’s unsatusdtedture during compression.

The loess exhibited an isotropic behaviour illustlaby the symmetrical shape of the yield
curves that appeared to be reasonably comparalilgatoof the modified Cam-clay model

with non associated plastic flow. Suction inducade&pansion of the yield surface related to
the suction-hardening effect. Suction also leadsntweasing dilatancy, associated to the
suction hardening of the clay bonding betweengsdins, which confers to the soil a brittle

behaviour at low water content states and a fadioag a distinc shear plane.

Collapse upon wetting was identified when the lospscimen was soaked underKa
anisotropic stress state close to the in-situ steesdition. Wetting under an isotropic stress

close to the in-situ horizontal stress (8 kPa) ¢etada smooth swelling of the specimen.

The microstructure of the Bapaume loess changel wmibisture changes, affecting its
mechanic response. This soil is composed by amgeraent of silt grains with some inter-
grains pores filled by heterogeneously distributésdy aggregates. Trapped macropores are
also observed in the SEM observations. At dry dios, clay aggregates tend to shrink due

leading to an increase in soil stiffness due tagigndardening. At the natural hydric state, the
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combined analysis of the water retention properdes microstructure shows that clay

aggregations tend to remain almost saturated whenéer-grains pores are still unsaturated.
This leads to a ductile behaviour related to thve Hesistance to loading of the saturated clay
aggregates between the silt grains. At states ¢tosaturation both the clay aggregations and

the inter-grains pores are water-filled resultingiductile behaviour.

Mechanical loading has an impact on the water teteproperties of the loess. The presence
of clay aggregations, with a some potential of imgishrinkage into some of the inter-grains
pores is on of the reasons of the hysteretic respohthe intact loess, especially at low water
contents. Microscopic observations at natural watertent shows that K, compression
loading induces the plastic deformation and bregpkihthe clay aggregations, leading to a
reduction of the swelling — shrinking potentialady aggregations and to a decrease of the
hysteretic potential of clay aggregates at low watatents. The collapse of the large pores is

also clearly visible at high water contents.

Further analysis of the hydromechanical couplingsh® loess can be oriented to develop the
constitutive modeling of its structure-dependerftdw@our. It should take into account the key
role of the swelling — shrinkage potential of tHaycaggregates filling part of the pore
network of an open and metastable arrangementtajrains. Features as the non-standard
compressibility behaviour, the collapse sensibiktiyd the microstructure evolution with
moisture changes should be also further analyzed.
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Ce travail, de caractéere essentiellement expérehezdt consacré a I'étude du comportement
hydro-mécanique d’'un loess non saturé naturel titaavenant de la région de Bapaume
(Nord de la France), en relation avec ses propgriégérétention d’eau et sa microstructure. Il
vise a combler le manque de données existant swols non saturés naturels, sachant que la
majorité des études publiées concerne des solssatumés compactés ou reconstitués. |l
s’inscrit dans le cadre de recherches développédSERRMES en relation avec la SNCF et
RFF suite a des problémes de tassement de teaasnless fondations des voies ferrées dans
des zones ou le TGV traverse des dépots de loémsdedble. Les investigations ont été
menées sur des échantillons de bonne qualité gleanuellement sous forme de blocs dans
une excavation proche de la ligne nord du TGV. @sd est naturellement non saturé du fait
de la présence d’'une couche végétale de surfacsaepsur une couche argileuse presque

imperméable, résultat des processus d’illuviatiotieeprécipitation des carbonates.

Suite a une analyse bibliographique dédiée au caempent des sols non saturés et au
phénoméne d’effondrement, le travail a successinérgordé la caractérisation détaillée des
propriétés de rétention d’eau en relation avecamadyse fine de la microstructure a l'aide de
la porosimétrie au mercure et de la microscopietérique a balayage et I'étude du
comportement hydromécanique, principalement falteide d’'un appareil triaxial permettant

la caractérisation locale compléte du matériauabuars.

L’étude de la microstructure a montré que le lostscaractérisé par une structure
poreuse constituée d’'un squelette lache de grathateetre moyen 30 microns (dont 70% de
guartz) au sein duquel la fraction argileuse (1B3% : smectite, vermiculite, kaolinite avec
une faible proportion d’illite et de chlorite) eisiégalement répartie, dans des zones ou les
agrégations argileuses peuvent enrober plusieamssgyiUne porosité inter-grains bien classée
représentant 65% de la porosité globale autour diaméetre moyen d’accés depdn est
identifiée en porosimétrie au mercure. |l existe damille de pores de grande dimensions

(entre 40um et 363um) toujours désaturés et insensibles aux changsemnderteneur en eau.

La courbe de rétention d’eau du lcess de Bapaunerniééee par 'usage conjoint du

tensiomeétre a haute capacité et de la méthodeplargdire (dont 'utilisation avec un papier
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filtre initialement humide selon une approche diste de celle recommandée par 'ASTM a
fait I'objet d'une étude détaillée), présente urmnfe particuliere avec deux boucles
d’hystérésis situées de part et d’autre d’'une z@wersible autour de la teneur en eau
naturelle. L’hypothese que cette gamme de teneuean corresponde a la fluctuation
saisonniere des teneurs en eau a été eémise, allenderait bien sdr a étre vérifiée par des
mesures de teneur en eau in-situ. Les trés faildeations de volume engendrées par les
changements de teneur en eau (a contrainte nutb@jremt que le squelette granulaire est
stable et peu influencé par ces changements. Resifidations porosimétriques a plusieurs
niveaux de teneur en eau ont permis de précisantaye |'évolution de la microstructure
avec les changements de teneur en eau. A la tarewau naturelle, la porosité inter-
granulaire est partiellement emplie d’eau, une dgapartie des pores est a 'état sec et la
courbe de rétention obéit aux lois de la capilarit'effet prédominant des interactions eau-
argile sur la rétention d’eau se fait sentir qudamdsuccion augmente, et on observe une
diminution avec le séchage de la porosité accesaibimercure, montrant une forte rétraction
locale des agrégations argileuses reliée a la ptiopad’interstratifiés illite-smectites (qu'il

est difficile de quantifier).

L’étude du comportement hydro-mécanique repose Hutlisation et le
développement de plusieurs technigues expérimantglé comprennent ['utilisation, dans
'oedometre et le triaxial, d'un tensiométre de teavapacité développé au CERMES et
capable de mesurer des succions entre 0 et 1 MiPaolUlel appareil triaxial permettant le
suivi local, sur le tiers central d’éprouvettesdiametre 50 mm et de hauteur 100 mm, de
'ensemble des variables qui caractérisent I'étah ol non saturé (déformation, teneur en
eau et succion), a été développé. Les déformativiade et radiale sont mesurées grace a des
capteurs a Effet Hall et les mesures locales dei@ucont faites a I'aide d’'un tensiometre
miniature de haute capacité (Clatual 2002, Cuiet al. 2008). Pour la mesure de teneur en
eau, une sonde résistive a été développée. Lesdamms d’étalonnage confirment la bonne
précision de ces capteurs dont le temps d’équilddpend de I'état hydrique initial de
'échantillon. Le dispositif permet d’'appliquer désjectoires complexes de contrainte en
asservissant la contrainte de confinement par aunesures (force axiale, déplacements
locaux, teneur en eau et succion). On peut obteri@amment une trajectoire de compression
anisotrope suivant la lign&, (coefficient de pression latérale des terres guosk en

maintenant la déformation locale radiale nulle.

207



Conclusion Générale

Une étude des propriétés d’effondrement conduifeetlomeétre a l'aide d’essais a
taux de déformation contrélée a montré une dépemdan fonction du temps de la réponse
volumique (oedométrique) du loess a teneur en eastante, qui reste a préciser par des
essais supplémentaires. L’étude confirme les él&rmmnus de I'effondrement des sols non

saturés, avec en particulier la mise en évidenge aiaximum d’effondrement.

L'étude de la compressibilité a teneur en eau taoms, menée au triaxial en
conditions isotrope €, sur des éprouvettes a teneur en eau naturelte 14%), séchées a
10% et saturéesv(= 27%), a montré la grande importance de la coamtesdéviatorique en
Ko sur 'ampleur des déformations volumiques, en ca&sgion comme en remouillage (avec
des valeurs d&g trouvées comprises entre 0,45 et 0,5). Les vanatde succion sont ténues
lors du cisaillement dans I'échantillon le plus,setcelles semblent influencées, a la teneur en
eau naturelle, par la composante déviatorique. kserve bien un écrouissage en succion
caractérisé par la courbe LC du modéle BBM de Banee; en revanche, les variations de
compression en fonction de la succion ne sont @gslierement ordonnées comme dans le
modéle, alors que celles du module d'Young le so@c une plus grande rigidité et un
comportement fragile contractant dilatant avec lieadion des déformations a I'état le plus
sec. Aux états naturel et saturé, le loess estinfonéent contractant sous une contrainte
déviatorique croissante. Les surfaces de chardasieprs succions ont pu étre déterminées
dans l'espaceq( p — 4, 9. Leur forme symétrique par rapport a I'axe dectmtrainte
moyenne nette illustre un comportement isotrope 1@l mode particulier de sédimentation
de ces matériaux éoliens et a la recristallisghast-dépot des minéraux calcaires primaires ;
la loi d’écoulement est non associée.

Du fait des efforts consentis a I'acquisition dendées expérimentales nouvelles a
l'aide du dispositif original développé dans cev&i§ il n'a pas été possible dans le temps
imparti, de proposer un modele élasto-plastiqueape de comportement. La détermination
d’expressions algébriqgues pour la surface de chatgée potentiel plastigue est assez
abordable, sur la base des nombreuses propos#ansllement publiées. Les changements
non monotones de la compressibilité isotrope ewtion de la succion, avec I'existence du
point d’effondrement maximum, ajouteraient cepemndan certain degré de complexité. Le
modele élasto-plastique devrait alors permettre releouver l'effet de la composante
déviatorique sur les variations volumique en caod#K,, ce qui n'est peut-étre pas évident
non plus. Les variations (ou non variations) ob&esvde la teneur en eau lors de la

compression ou du cisaillement ne seraient plugeadpe en compte uniquement en fonction
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des variations volumiques, comme dans la plupastndedeles existants, mais également en
fonction de la part déviatorique des contraintes.

Les nombreux traits de comportement hydromécanigtiginaux de ce loess
effondrable naturel que cette étude a pu identibevrent donc des perspectives de

modélisation intéressantes.
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