MECHANICAL BEHAVIOUR
OF UNSATURATED AGGREGATED SOILS

THESE N° 4011 (2008)

PRESENTEE LE 25 JANVIER 2008

A LA FACULTE DE L'ENVIRONNEMENT NATUREL, ARCHITECTURAL ET CONSTRUIT
LABORATOIRE DE MECANIQUE DES SOLS
PROGRAMME DOCTORAL EN MECANIQUE

ECOLE POLYTECHNIQUE FEDERALE DE LAUSANNE

POUR L'OBTENTION DU GRADE DE DOCTEUR ES SCIENCES

PAR

Azad KOLIJI

M.Sc. in civil engineering, Iran University of science and technology, Tehran, Iran
et de nationalité iranienne

acceptée sur proposition du jury:

Prof. L. Laloui, président du jury
Prof. L. Vulliet, directeur de thése
Prof. R. Charlier, rapporteur
Prof. P. Delage, rapporteur
Prof. H. Fluhler, rapporteur

ECOLE POLYTECHNIQUE

FEDERALE DE LAUSANNE

Suisse
2008






To my grandmother Daya & my aunt Mina






Contents

Acknowledgments
Abstract

Résumé

List of Symbols

1 Introduction
1.1 From saturated homogeneous to unsaturated structured soil . .
1.2 Objectives . . . . . . . .
1.3 Outline of the thesis . . . . . . . ... ... ... ... .....

2 Background and problem addressing

2.1 Essential concepts . . . . . . ... .. L
2.1.1  Soil structure . . . . ...
2.1.2 Porefluid . ... ... ... ... . ... ... ...
2.1.2.1 Pore water potential . . . . . . ... ... ...

2.1.2.2  Suction in unsaturated soils . . . . . . ... ..

2.1.3 Multi-scale heterogeneity . . . . . . . .. ... ... ...
2.1.4  Structured soil . . . .. ...
2.1.4.1 Natural bonded soils . . . . . . ... ... ...

2.1.4.2 Aggregated soils . . . .. ... ... ... ...

2.1.5  Concept of double porosity . . . . . . . ... .. ... ..

2.2 Partial saturation effects . . . . . ... ...
2.2.1 Water retention characteristics . . . . . . . . ... .. ..
2.2.2 Capillary effects . . . . . .. ..o

2.3 Fabric effects in unsaturated soils . . . . . .. ... .. .. ...
2.3.1 Influence on water retention characteristics . . . . . . . .
2.3.2 Collapsible behavior . . . ... ... ... ........

2.4 Inter-particle bonding effects . . . . . . . ... ...
2.4.1 Pre-yield behavior . . . ... ... 0000
2.4.2 Yield limit . . . . . ...
2.4.3 Yielding behavior . . . . . .. ... 0L
2.4.4 Combined effects of bonding and partial saturation . . .

2.5 Study of soil structure . . . .. ...
2.5.1 Experimental methods for soil fabric study . . . . . . ..

vil

ix

xi

xiii

W N = =

© 3 =3 Ut ot Ut



2.5.2 Fabricevolution . . . . . . . . . . ... .. ... 29

2.6 Constitutive modeling . . . . . . ... ... oL 31
2.6.1 Effective stress . . . . . .. .. oL 31
2.6.2 Constitutive modeling of unsaturated soils . . . . . . .. 35

2.6.2.1 Modeling approaches . . . . . . ... ... ... 35
2.6.2.2 Double structure model for unsaturated soils . . 37
2.6.3 Constitutive modeling of natural bonded soils . . . . . . 39
2.6.3.1 Modelling approaches . . . .. ... ... ... 39

2.6.3.2 Representative models for saturated bonded soil 40
2.6.3.3 Extension of models for unsaturated bonded soil 45

2.7 Summary and anticipated contribution . . . . ... .. ... .. 47
Hydro-mechanical formulation for double porous soil 49
3.1 Theoretical framework . . . . . .. ... ... 49
3.1.1 Thermodynamic approaches . . . . . . .. ... .. ... 49
3.1.2 General formulation . . .. ... ... ... ... ..., 53

3.2 Mixture model of soil with double porosity . . . . . . . .. . .. o7
3.2.1 Double mixture approach . . . . ... ... ... o7
3.2.2 Mass balance . . . ... ... ... .. 61
3.2.2.1 Solid mass balance . . . . . .. ... ... ... 61

3.2.2.2 Fluid mass balance . . . . . .. ... ... ... 61

3.2.3 Linear momentum balance . . . . . .. . ... ... ... 61

3.3 Constitutive equations . . . . . . . ... ... 64
3.3.1 Stresstensor . . . . . . . ... 64
3.3.1.1 Stress tensor in fluids . . . . . . ... ... .. 64

3.3.1.2 Stress tensorinsolid . . .. .. ... ... ... 64

3.3.1.3 Total stress tensors . . . . ... .. ... .. .. 66

3.3.1.4 Total fluid pressure and total suction . . . . . . 66

3.3.1.5 Effective stress . . . . . .. ... ... ... .. 67

3.3.2  Mechanical constitutive equation . . . . . ... .. ... 68
3.3.3 Equation of state for fluid . . . ... ... ... ... .. 69
334 Fluidflow . . ... ... .. .. . . ... 69
3.3.5 Liquid retention . . . . . . . . .. ... L. 71
3.3.6  Fluid mass transfer between mixtures . . . . . . . . . .. 71

3.4  General field equations . . . . ... ... L. 72
3.5 Summary of field equations . . . ... ... L 74
Experimental characterization of macroscopic behavior 77
4.1 Objectives and methods . . . . . . ... ... ... ... .... 7
4.1.1 Objectives and experimental approaches . . . . . . . .. 77
4.1.2 Existing suction control methods . . . . . ... .. ... 78
4.1.2.1 Axis translation technique . . . . . .. ... .. 78

4.1.2.2 Vapor equilibrium method . . . . . . . ... .. 80

4.1.2.3 Osmotic method . . ... ... ... ...... 82

4.1.3 Choice of methods and equipments . . . . . . . ... .. 85

4.2 Development of a new osmotic oedometer . . . . . . . . . .. .. 86

i



4.3

4.4

4.5

4.6

4.2.1

4.2.2
4.2.3
4.2.4
4.2.5

Osmotic oedometer components . . . . . . . . .. .. ..
4.2.1.1  Oedometer cell and mechanical loading . . . . .
4.2.1.2 Semi-permeable membrane and PEG solution .
4.2.1.3 Tubing, pump and reservoir . . . . . . . .. ..
4.2.1.4 Electronic Balance . . . . . ... ... ... ..
Control and callibration of the cell . . . . .. ... ...
Suction control and PEG concentration . . . . . . .. ..
Water exchange measurements and calibration . . . . . .
Hints on testing procedure . . . . . . .. ... ... ...

Material and program . . . . . . ... ... ... L.

4.3.1
4.3.2
4.3.3

Material characteristics . . . . . . .. .. ... ... ...
Aggregate preparation . . . .. ... ...
Experimental program . . . . ... ... ...

Dry and saturated behavior . . . . . . ... ... ...

4.4.1
4.4.2
4.4.3
4.4.4

Description of the tests . . . . . . . ... .. ... .. ..
Results of dry tests . . . . . . . ... ... .. .. ....
Results of saturated tests. . . . . . ... ... ... ...
Results of soaking tests . . . . . . .. ... ... ... ..
4.4.4.1 Simple soaking of aggregated samples . . . . . .
4.4.4.2  Oedometric soaking of aggregated samples . . .

Unsaturated behavior . . . . . . . . . . . ... ...

4.5.1
4.5.2
4.5.3

Description of the tests . . . . . . . ... ... ... ...
Osmotic oedometer tests on reconstituted soil . . . . . .
Osmotic oedometer tests on aggregated soil . . . . . ..

Comparison and discussion of results . . . . . .. ... ... ..

4.6.1
4.6.2

Aggregated versus reconstituted samples . . . . . . . ..
Suction effects . . . . . . . ...

4.7 Summary of results . . . . . .. ..o

Experimental study of soil structure
5.1 Objectives and methods . . . . .. ... ... ... .. .....

5.2

5.1.1
5.1.2
5.1.3
5.1.4

Objectives and experimental approaches . . . . . . . ..
Mercury intrusion porosimetry . . . . . . .. .. ... ..
Environmental scanning electron microscopy . . . . . . .
Neutron radiography and tomography . . . . . . . .. ..

Fabric evaluation using MIP and ESEM . . . . . . ... .. ..

5.2.1
5.2.2
5.2.3

5.2.4
5.2.5

Sample preparation . . . . . . .. ... ...
Description of MIP tests . . . . . . .. ... ... ....
MIP Results . . . . . .. .. ... ... ... ...,
5.2.3.1 Porosity of specimens . . . . . . ... ... ..
5.2.3.2 Unsaturated aggregated samples . . .. .. ..
5.2.3.3 Aggregated samples after soaking . . . . . . ..
5.2.3.4 Reconstituted samples . . . . . . ... ... ..
5.2.3.5  Comparison of results . . . . . . ... ... ..
Description of ESEM observations . . . . . . .. ... ..
ESEMresults . . . ... .. ... ... ... .......

il

103
104
104
107
111
112
112
112
114
114
116
123
130
130
133
139



5.3 Tomography evaluation of soil structure under mechanical loading 165

5.3.1
5.3.2
5.3.3
5.3.4
5.3.5
5.3.6

Material and method . . . . . . . ... ... ... .. ..
Experimental set up and procedure . . . . . ... .. ..
Processing of raw image data . . . . . . . ... ... ..
Macroscopic results . . . . . . ... ...
Characterization of soil structure evolution . . . . . . . .
Evaluation of structure degradation mechanisms . . . . .

5.4 Tomography evaluation of soil structure under suction variation

5.4.1
5.4.2
5.4.3

5.4.4

Material and method . . . . . . ... .. ... ...
Experimental set up and procedure . . . . ... ... ..
Processing of raw image data . . . . .. ... ... ...
5.4.3.1 Radiography data . . .. ... ... ......
5.4.3.2 Tomography data . . . . . ... ... ... ...
Suction-induced volume change of aggregates. . . . . . .

5.5 Summary of results . . . . . ...

Mechanical constitutive model
6.1 Constitutive framework . . . . . . . . ..o

6.1.1
6.1.2
6.1.3

Stress framework . . . . ... ... ...
Critical state line for unsaturated aggregated soils . . . .
Fundamental formulation . . . . . . .. .. ... ... ..

6.2 Requirements of the new model . . . . . . ... ... ... ...

6.2.1
6.2.2
6.2.3
6.2.4
6.2.5

Features to be addressed . . . . . . .. ... ... .. ..
Pre-yield and elastic behavior . . . . . . ... ... ...
Yielding and apparent preconsolidation pressure . . . . .
Post-yield behavior and hardening . . . . . . . . ... ..
Plastic multiplier and plastic potential . . . . . . . . ..

6.3 Soil structure parameters . . . . . ... ...

6.3.1
6.3.2
6.3.3
6.3.4

Degree of soil structure . . . . . .. ... .. ... ...
Structure degradation . . . . .. ...
Influence of suction on structure parameters . . . . . ..
Determination procedure . . . . . . ... ... ... ...

6.4 Model formulation ACMEG-2S . . . . . . . .. ... .. ....

6.4.1
6.4.2
6.4.3
6.4.4
6.4.5
6.4.6
6.4.7

Introduction to the model developments . . . . . .. ..
Elastic components of the model . . . . . ... ... ..
Yield criteria . . . . ... ...
Apparent preconsolidation pressure and hardening . . . .
Plastic potential and plastic multipliers . . . . . . . . ..
General stress-strain relationship . . . . .. .. ... ..
Variation of degree of saturation . . . . . . .. ... ...

6.5 Assessment of model parameters . . . . . ... ... L.

6.5.1
6.5.2

Model parameters . . . . . . . ... ...
Parameter determination for Bioley silt . . . . . . . . ..

6.6 Simulation and validation . . . . . . . . .. .. ... ...

6.6.1
6.6.2

Numerical integration of the constitutive equations
Typical numerical response . . . . . . .. . .. ... ...

v

165

187
187
187
188
190
193
193
196
197
198
199
200
200
203
204
206
208
208
209
211
214
219
222
225
229
229
231
236
236



6.6.2.1 Isotropic consolidation . . . . . ... ... ... 236

6.6.2.2 Conventional triaxial compression (CTC) . . . 239

6.6.3 Simulation of the oedometer tests . . . . . . . . . .. .. 240

6.6.3.1 Saturated and dry samples. . . . . . . .. ... 240

6.6.3.2 Unsaturated reconstituted samples . . . . . .. 242

6.6.3.3 Unsaturated aggregated samples . . . . .. .. 245

6.6.4 Assessment of model for saturated bonded soils . . . . . 250

6.7 Conclusion . . . . . . . . 255

7 Conclusions and recommendations for future research 257
7.1 Conclusions . . . . . . . . . 257
7.1.1 Governing equations . . . . .. ... ... 258

7.1.2  Experimental approach . . . . . . ... ... ... 259

7121 Methods . . . . . . . .. ... 259

7.1.2.2 Experimental results . . . ... ... ... .. 260

7.1.3 Constitutive modeling . . . . .. .. ... ... ... .. 263

7.2 Outlook for future works . . . . . . . . . . ... ... .. 264
References 267
A Control tests for the new osmotic oedometer cell 287
B Supplementary experimental results 291
C Modeling suction effects on the fabric of an aggregated soil 295



vi



Acknowledgments

This thesis is the result of four years of work whereby I have been accompanied
and supported by many people. I would like to thank the diverse group of
individuals who supported my work, influenced my thoughts and participated
in this study. Without each one of them, this project simply would not have
been possible.

Foremost, I would like to express my sincere gratitude to my thesis supervi-
sor, Prof. Laurent Vulliet, for his support and mentorship through this study,
and for his constant confidence in my abilities. I admire his affirmative profes-
sional attitude, and his efficient mindful approach to simplify complexities.

I would like to acknowledge my debt to Prof. Lyesse Laloui for his highly
responsive supports over the duration of this work. His contribution is apparent
all over my dissertation. Beyond all his contribution to my work, I would like to
thank Prof. Laloui for his limitless facility to initiate exploration in the world
of scholarship and for opening my eyes to the elegance of “scholarly life”.

I would like to thank Peter Vontobel, Eberhard Lehmann and, René Has-
sanein of the Neutron Imaging group of PSI, for providing me with the oppor-
tunity of running long experiments at NEUTRA, and for their strong support
during and after all the measurements.

Special thanks to Andrea Carminati for his help during the experiments at
PSI - no beam, beam back - and during the further evaluation of the results. I
enjoyed our collaboration and the good time we had together.

I am deeply thankful to Prof. Hannes Fliihler for his fruitful comments and
discussions during this work, and for his participation to the Jury. I also extend
my sincere thanks to the other members of my PhD committee, Prof. Pierre
Delage and Prof. Robert Charlier, for accepting to review and evaluate this
thesis, and again to Prof. Laloui for accepting to chair my PhD thesis jury on
behalf of the doctoral school.

Doing an experimental project is not possible without a strong technical
support; my thanks, therefore, go to Jean-Marc Terraz for the brilliant con-
struction of the experimental equipments, and to Gilbert Gruaz, Patrick Dubey
and, Lionel Pittet for their help in carrying out the laboratory experiments. I
appreciate the precious help of David Ubals Picanyol for installation and cali-
bration of the experimental equipments during his trainee stay at LMS.

I am grateful to Massoud Dadras for his real help in carrying out the mi-
croscopy observations, and to Gwenn Le Saott for the MIP tests. I would like
to express my deep appreciation to Peter Lehmann and Anders Kaestner for
helping me with image analysis of tomography data.

vil



My friends at LMS and LMR made these years at Lausanne very special. I
have to say a big thank-you’ to all of them, wherever they are: Hérvé Péron
with whom I shared the office and who helped me a lot to learn French lan-
guage, Mathieu Nuth (good-hearted man), Bertrand Francois (candid fellow),
Irene Manzella and Stefano Nepa (lovely couple), Laurent Gastaldo, Patrick
Dubey, Matteo Moreni, Cane Cekerevac, Véronique Triguero, Suzanne Chalin-
dar (thanks Suzanne also for the résumé), Federica Sandrone, Rafal Obrzud
(who helped me a lot with I¥TEX), Emilie Rascol, Nina Mattsson, Claire Sauthier,
Tohid Kazerani, Alessio Ferrari, Laurent Jéaggi and, Thierry Schepmans.

Also special thanks to Rosa Ana Menendez, Antonella Simone, Karine Barone,
Anh Le, Gilbert Steinmann and, Christophe Bonnard who helped me at several
occasions.

I cannot express how I am, deeply and forever, indebted to my beloved
parents, Sabah and Ebrahim, for the encouragement, affection, and the spirit
they continuously bring to my life. I wish to express my warmest thanks to my
brothers Hooman and Alan, as well as to Azin’s parents and sisters for having
made this effort easier.

A journey is easier when we travel together. At last, but not certainly least,
I would like to give my most heartfelt thanks to Azin, for her unconditional
support, her continual love and, for being my endless source of peace.

viil



Abstract

Particle aggregation is a commonly observed phenomenon in many types of
soils, such as natural clays and agricultural soils. These soils contain porous
aggregates, often separated by large, interaggregate pores. Two levels of intra-
and interaggregate porosity are, therefore, present in these soils. Depending
on the size and strength of the aggregates, aggregation may alter the water
retention and mechanical behavior of the soil and make it different from that of
a reconstituted soil of the same mineralogy.

The present work is aimed at studying the mechanical behavior of unsatu-
rated, aggregated soils with respect to soil structure effects. It involves theoret-
ical developments, a multi-scale experimental study, and constitutive modeling.

As a first step, the theory of multiphase mixtures was used to evaluate
effective stress and to derive the coupled hydro-mechanical governing equations
for a double porous soil. In this way, from the outset, the field variables and
the required constitutive equations were identified.

In the first experimental part, a new suction-controlled oedometer was devel-
oped for investigating the stress-strain response and water retention properties
of the soil. The tests were carried out on reconstituted and aggregated samples
of silty clays with an average aggregate size of about 2 mm. The results were
interpreted in terms of a Bishop’s type effective stress, suction, void ratio, and
degree of saturation.

From the tests carried out on the aggregated samples, an apparent precon-
solidation stress was seen which depends not only on stress state and stress
history, but also on the soil structure.

The results of unsaturated tests revealed that the apparent effective precon-
solidation stress increases with suction for both reconstituted and aggregated
soils; however, the rate of increase is higher for aggregated soils. The results
showed that the virgin compression curve of aggregated soils is on the right side
of the normal consolidation line of the corresponding reconstituted soil. The
two curves, however, tend to converge at higher values of stress when the ag-
gregated structure is progressively removed by straining. It was observed that
the degree of saturation in aggregated samples can increase during mechanical
loading under constant suction because of the empty inter-aggregate pores being
closed during the compression.

In the following experimental part, soil structure and its evolution were
tested using a combination of three methods: mercury intrusion porosimetry
(MIP), environmental scanning electron microscopy (ESEM), and neutron to-
mography.
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Results of the MIP and ESEM tests revealed a homogeneous fabric with a
uni-modal pore size distribution for the reconstituted soil, and a bi- or multi-
modal pore size distribution for the aggregated soil. Comparison of different
observations revealed that the larger pores in the aggregated soil disappear as a
result of mechanical loading or wetting. The non-destructive method of neutron
tomography was used to assess the evolution of the aggregated soil structure
during oedometric loading. An important observation was that the change in
the volume fraction of macropores is mainly associated with irreversible de-
formations. Tomography results also suggest similarity of the water retention
behavior for single aggregates and the reconstituted soil matrix.

Based on the experimental results, a new constitutive framework was pro-
posed for the extension of the elasto-plastic models of reconstituted soils to
aggregated soils. Using this framework, a new mechanical constitutive model,
called ACMEG-2S, was formulated within the critical state concept and the
theory of hardening elasto-plasticity.

A parameter called ”degree of soil structure” was introduced to quantify the
soil structure physically in terms of macroporosity. Evolution of this parameter,
as a state parameter, was then linked to the plastic strains. The apparent
effective preconsoliodatoin pressure in aggregated soils was introduced as an
extension of the effective preconsolidation pressure of the reconstituted soil. The
extension is controlled by two multiplicative functions in terms of suction and
the degree of soil structure. These functions describe the gain in the apparent
preconsolidation pressure due to the current fabric of the soil at the current
suction.

The model adopts the effective stress and suction as stress variables. It uses
non-linear elasticity and two mechanisms of plasticity.

In addition to the mechanical model, an improved water retention model was
proposed which incorporates the combined effects of suction, volume change,
and the evolving double porous fabric.

The proposed mechanical model, coupled with the water retention model,
unifies the combined effects of partial saturation, inter-particle bonding, and
soil fabric.

The model was then used to simulate the experiments carried out during
the course of this study. Simulations showed that the model could successfully
address the main features of the behavior of aggregated soils. Typically, it can
reproduce the non-linearity of stress-stress response under virgin compression
and the increase of degree of saturation during compression at constant suction.

Finally, the model was examined for its capability in reproducing the behav-
ior of structured bonded soils. With for the appropriate set of parameters, the
model can reasonably reproduce the mechanical behavior of saturated bonded
soils reported in the literature.

Keywords: Aggregated soil, soil structure, structured soil, partial saturation,
suction, water retention, oedometer, multiphase mixture theory, neutron to-
mography, constitutive modeling



Résumé

L’agrégation de particules est un phénomene couramment observé dans une
grande variété de sols tels que les argiles naturelles et les sols agricoles. Ces sols
contiennent des agrégats poreux, souvent séparés par d’'importants pores inter-
agrégat. Deux niveaux d’intra- et inter-porosité d’agrégats sont donc présents
dans ces sols. L’agrégation peut altérer le comportement de rétention d’eau ainsi
que le comportement mécanique du sol. Elle peut modifier ces comportements
selon la taille et la résistance des agrégats, par rapport a un sol reconstitué de
méme minéralogie. Le présent travail a ainsi pour but d’étudier le comportement
mécanique des sols agrégés non saturés face aux effets de structure. Ceci se fera
au travers de développements théoriques, d’études expérimentales multi-échelles
et de modélisation constitutive.

La premiere étape a été d’utiliser la théorie des mélanges multiphasiques
dans le but d’évaluer la contrainte effective et de dériver les équations hydro-
mécaniques couplées pour un sol a double porosité. De cette fagon, les variables
de champ et les équations requises ont pu étre identifiées.

Dans la premiere partie de 'approche expérimentale, un nouvel oedometre
a succion controlée a été développé pour étudier les propriétés de réponse en
contrainte-déformation et de rétention d’eau du sol. Les tests ont été effectués
sur des échantillons d’argile limoneuse reconstitués et agrégés, avec une taille
d’agrégats moyenne de 2 mm. Les résultats ont été interprétés en termes de
contrainte effective de Bishop, succion, indice des vides et degré de saturation.

D’apres les tests effectués sur les échantillons agrégés, une pression de pre-
consolidation apparente, ne dépendant pas seulement de 1’état de contrainte et
de I'histoire des contraintes, mais aussi de la structure du sol, a été identifiée.
Les résultats d’essais non saturés ont révélés que la pression de preconsolida-
tion effective apparente augmente avec la succion pour les sols reconstitués et
agrégés. Cependant, elle augmente plus rapidement pour les sols agrégés. Les
résultats ont également montrés que la courbe de compression vierge d'un sol
agrégé se situe a la droite de la courbe de consolidation normale du sol recon-
stitué correspondant. En revanche, pour des valeurs de contrainte plus élevées,
les deux courbes ont tendance a converger du fait que la structure agrégée est
progressivement effacée par la déformation du sol. Il a également été observé
que le degré de saturation dans les échantillons agrégés peut augmenter durant
le chargement mécanique a succion constante a cause de la fermeture du vide
inter-agrégat durant la compression.

Dans la partie expérimentale suivante, la structure du sol et son évolution ont
été testées en utilisant trois méthodes combinées: porosimétrie par intrusion de
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mercure (MIP), microscopie a balayage de type environnemental (ESEM) et to-
mographie par neutrons. Les résultats des essais MIP et ESEM ont montré une
organisation porale homogene avec un mode de distribution de taille de pores
unique pour le sol reconstitué et double ou multiple pour le sol agrégé. Par
comparaison entre diverses observations, il a été observé que les pores les plus
importants dans le sol agrégé disparaissent suite au chargement mécanique ou a
I’humidification. La méthode non-destructive de tomographie par neutrons a été
utilisée pour évaluer 1’évolution de la structure de sols agrégés durant le charge-
ment oedométrique. Une découverte importante fut celle de voir que le change-
ment de fraction volumique de macropores est principalement associé a des
déformations irréversibles. Par ailleurs, les résultats tomographiques suggerent
une similarité entre le comportement de rétention d’eau d’un agrégat seul et
celui d’une matrice de sol reconstitué. Sur la base des résultats expérimentaux,
un nouveau cadre constitutif a été proposé pour 'extension de modeéles elasto-
plastiques de sols reconstitués aux sols agrégés. Un nouveau modele constitutif
mécanique nommé ACMEG-2S a ainsi été formulé dans la cadre du concept de
I’état critique et de la théorie d’elasto-plasticité avec écrouissage. Un parametre
appelé degré de structure de sol a été introduit pour quantifier physiquement
la structure du sol en termes de macroporosité. L’évolution de ce parametre,
qui est un parametre d’état, a été liée aux déformations plastiques. La pression
de preconsolidation effective apparente des sols agrégés a été introduite par ex-
tension de la pression de preconsolidation effective des sols reconstitués. Cette
extension est controlée par deux fonctions multiplicatives en termes de succion
et de degré de structure du sol. Ces fonctions décrivent le gain de pression de
preconsolidation effective apparente du a l'organisation porale actuelle du sol
et a la succion actuelle. Le modele adopte la contrainte effective et la succion
comme variables de contrainte. Il utilise I’élasticité non-linéaire ainsi que deux
mécanismes de plasticité. En plus du modele mécanique, un modele de rétention
d’eau amélioré incorporant les effets combinés de succion, changement de vol-
ume et d’organisation porale évolutive, a été proposé. Le modele mécanique
proposé couplé avec le modele de rétention d’eau, unifie les effets combinés de
saturation partielle, de liens inter-particules et d’organisation porale de sols.

Le modele a ensuite été utilisé pour simuler les essais réalisés au courant
de cette étude. Les simulations ont montré que le modele saisit les princi-
pales caractéristiques du comportement de sols structurés avec succes. Typique-
ment, il est capable de reproduire la non-linéarité de la réponse en contrainte-
déformation durant la compression vierge, ainsi que I’augmentation du degré de
saturation durant la compression a succion constante.

Pour terminer, le modele a été évalué quant a sa capacité a reproduire
le comportement de sols structurés cimentés. En choisissant un ensemble de
parametres approprié, le modele peut raisonnablement reproduire le comporte-
ment mécanique de sols saturés cimentés répertoriés dans la littérature.

Mots clés: Sol agrégé, structure de sols, sols structurés, saturation partielle,

succion, rétention d’eau, oedometer, théorie des mélanges multiphasiques, to-
mographie par neutrons, modélisation constitutive.
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Chapter 1

Introduction

1.1 From saturated homogeneous to
unsaturated structured soil

Since the foundation of the engineering discipline of soil mechanics by Terzaghi,
exploration of the various aspects of soil behavior has continued ceaselessly.
In classical saturated soil mechanics, soil has often been treated as a homoge-
neous continuum, the pore-scale heterogeneities being smoothed out within a
representative volume.

In reality, however, many soils are structured, i.e., they are characterized
by a particular structure which makes them different from the same soil from
which the structure has been removed by remolding. Natural soils, for instance,
often contain bonded particles, and possibly have large voids or fissures within
their structure which are usually filled with more than one fluid.

Over the last two decades, major efforts have been made to incorporate
the additional effects linked to soil structure and the presence of different pore
fluids into the description of soil behavior. Despite major achievements, the
effect of soil structure on the mechanical behavior, especially under unsaturated
conditions, is still far from being well understood.

An issue of great complexity for researchers in various fields, such as agron-
omy, soil physics and soil mechanics, is the mechanical and hydraulic behavior of
unsaturated soils subjected to aggregation. Particle aggregation is a commonly
observed phenomenon in many types of soils, such as natural clays and agri-
cultural soils. These soils contain porous aggregates, often separated by large
inter-aggregate pores. Hence, in the general sense, aggregated soils are struc-
tured soils with double porosity due to the intra- and inter-aggregate pores.

Aggregation may alter different aspects of the soil behavior and make it
different from that of a reconstituted soil of the same mineralogy. The perme-
ability and water retention properties of the soil, under unsaturated conditions,
are influenced by the geometry of the pores and aggregates, their arrangement
and the physical state of the fluids occupying the pores. The mechanical behav-
ior and the stress-strain response of the soil can be also affected by the strength
and stiffness of the aggregates.
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The main motivation to launch the present research project was to achieve
an improved understanding of the behavior of unsaturated aggregated soil in
relation to its structure. The present work has been inspired by the idea that
there’s plenty of room at the bottom®; i.e., the causes for the macroscopic com-
plexities in soil behavior might be found at the smaller scales deep in the soil
structure.

Acquiring a better understanding of soil behavior requires proper tools,
among them appropriate theoretical approaches and new testing methods with
the capability of inspecting new aspects of soil behavior. ‘If we only perform
routine tests and explore the response of our constitutive and theoretical models
only within the context of these tests, not only is there the danger that we fail to
discover irreqularities in our theoretical models, but also we are neglecting poten-
tially wide and fascinating tracks of geotechnical knowledge which are waiting
exploration.’®> This project has been envisaged to combine new experimental
studies with modeling aspects in aggregated soils.

1.2 Objectives

The present work is a part of a comprehensive joint research project whose
ultimate goal is to understand and model the mechanical and hydraulic behavior
of unsaturated aggregated soils.

The joint project combines different specialties and brings together three
research teams,

— Institute of Terrestrial Ecology (ITO) at ETHZ (for soil physics),

— Soil mechanics Laboratory (LMS) at EPFL, (for soil mechanics),

— The Paul Scherrer Institute, PSENEUTRA, (for neutron radiography and
tomography experiments).

The research project has been conducted in two companion PhD theses: the
PhD dissertation of Carminati (2006) at ITO-ETHZ, and the present disserta-
tion at LMS-EPFL. In both of these works, the advanced method of neutron
tomography has been used for the experimental evaluation of soil structure fea-
tures.

The work carried out at ITO-ETHZ focused on hydraulic aspects, including
experimental evaluation of water storage, exchange, and transport among and
within the aggregates. It proposed improved hydraulic models for soils, taking
into account additional features linked to the double porosity effects and the
contact area among the aggregates.

The present study focuses on the mechanical aspects in the behavior of un-
saturated aggregated soils. It is aimed at studying the stress-strain response
of the soil and to propose an improved formulation of constitutive models cou-
pled with water retention effects. The work involves theoretical developments,
a multi-scale experimental study, and constitutive modeling. The main explicit
scopes of the present study are:

'Richard Feynman’s classic 1959 talk: There’s plenty of room at the bottom.
2David Muir Wood, 2004, in the envoi of the textbook Geotechnical modeling.
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(i) to identify the field variables and the required constitutive relations in-
volved in the coupled hydro-mechanical processes in double porous soils,

(ii) to evaluate the macroscopic stress-strain and water retention behavior of
unsaturated aggregated soils,

(iii) to evaluate the soil structure and its evolution at the pore-scale and to
assess the relationship between the macro- and the pore-scale behavior of
the soil,

(vi) and finally, to propose an improved mechanical constitutive model, cou-
pled with the water retention properties, for unsaturated aggregated soils.

The research project finds its applications in civil engineering and environ-
mental geomechanics. For instance, the proposed constitutive model can be
potentially used in landslide hazard assessments and the prediction of seasonal
wetting-drying induced deformation of natural slopes where the soil possesses
complex in-situ structure. The research is beneficial to agricultural engineering
as well. It addresses a key issue related to the marked impact of machinery
loading and suction variations induced by soil tillage on soil structural proper-
ties.

1.3 Outline of the thesis

The present study has been conducted in different steps comprising theoretical
developments for a double porous soil, an experimental study at both macro and
pore scales, and constitutive modeling. The material in this thesis is presented
as follows.

Chapter 2 reviews the current state of knowledge concerning the exper-
imental study and constitutive modeling of soil behavior with respect to soil
structure and partial saturation effects. This chapter presents the required prin-
cipal concepts and provides the background to the study. Also in this chapter,
the existing gaps in knowledge and the anticipated contribution of the present
study to fill these gaps are outlined.

Chapter 3 is devoted to the development of coupled hydro-mechanical gov-
erning equations for structured soils with double porosity within the multi-phase
mixture theory. The formulations are developed in a general thermodynamically
consistent framework into which different mechanical constitutive models can
be incorporated. This sketches the theoretical framework and highlights, from
the outset, the field variables under study.

Chapter 4 aims at the macroscopic characterization of the mechanical be-
havior of the structured soil with respect to the combined effects of suction and
structure by means of oedometric testing methods. The suction control method
and the development and calibration of the new suction-controlled oedometer
are described first. Then, the experimental program and results are presented in
detail. The results provide a list of special features which should be addressed
by the new constitutive model.

Chapter 5 presents the experimental study of soil structure at small scales
carried out using a combination of three testing methods: mercury intrusion
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porosimetry (MIP), environmental scanning electron microscopy (ESEM), and
neutron tomography. The experimental results of this part, together with the
results presented in the preceding chapter, provide a multi-scale experimental
base for the description of the mechanical behavior of the material.

Chapter 6 presents the explicit formulation of a constitutive model for
unsaturated structured soils with double porosity incorporating the structural
degradation. The model parameters and the typical numerical response of the
model is then evaluated. Finally, the validity of the model is assessed by sim-
ulating the experimental results of this study. At the end, the model is tested
for its capability in reproducing the behavior of saturated bonded soils.

Chapter 7, finally, summarizes the concluding remarks and proposes out-
looks for further studies.
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Background and problem
addressing

This chapter is aimed to analyze the current state of knowledge about the be-
havior and constitutive modeling of soils with respect to the soil structure and
partial saturation effects. First, the main required concepts are presented. In
the three subsequent sections, the influence of partial saturation, soil fabric and
inter-particle bonding on the mechanical response and water retention behavior
of soils are evaluated based on the experimental evidences. Next, a review of
the soil structure studies and in particular, evolution of soil structure during
mechanical loading and wetting-drying process is presented. The literature re-
view is then closed by analyzing the constitutive modeling of soils incorporating
the partial saturation and soil structure effects. On the basis of the extensive
literature review, the gaps in the current knowledge as well as the anticipated
contribution of the present study to fill them are outlined at the end.

2.1 Essential concepts

2.1.1 Soil structure

Soil is a mixture of various natural substances including solid constituents, e.g.
mineral particles, and fluid constituents like water and air. Combination of
solid particles forms the soil skeleton. Depending on the nature of constituents,
the soil might exhibit different textures referring to the degree of fineness and
uniformity of a soil (Terzaghi et al., 1996).

In general, a soil with a given mineralogy might be found with different
internal structures arising from different physico-chemical causes (Yong and
Warkentin, 1975). These differences are usually addressed by the concept of soil
structure. Following Mitchell (1993), the term soil structure here corresponds
to the combination of soil fabric which is the arrangement of particles and
inter-particle bonding.

Soil structure, regardless of its formation causes, should be described based
on the geometrical and physical properties of structural units. For the pur-
pose of description, Collins and McGown (1974) divided the structural features
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Figure 2.1: Elementary particle arrangements and particle assemblages (after Collins
and McGown, 1974): (a) individual clay platelet interaction , dispersed
structure, (b) individual clay platelet interaction, flocculated structure,
(¢) clay platelet group interaction, turbostatic structure, (d) clay platelet
group interaction, bookhouse structure, (e) individual silt or sand inter-
action, (f) clothed silt or sand particle interaction (g) particle assemblage

observed in variety of soils in three different types: (i) elementary particle ar-
rangements (ii) particle assemblages, and (iii) pore spaces.

Elementary particle arrangement consists of single forms of particle at the
level of individual clay, silt or sand particles or small groups of clay platelets or
clothed silt and sand particles. Occurrence of a single individual particle is rare
and usually platelets of clays tend to form a group of particles. Combination
of these arrangements forms different patterns of structure at the elementary
particle arrangement such as bookhouse and honeycomb as shown in Figure 2.1.

Elementary particles tend to group together rather than existence as individ-
ual particles. These groups of elementary particles may regroup in larger order
and form what is termed here as particle assemblages. Depending on the type,
environmental conditions and origin of the structuring phenomenon (formation
of structures), different types of assemblages may exist. Connectors, for exam-
ple, are bridge-like assemblages that connect two (or more) other assemblages
which are usually of larger size.

Aggregates are other types of particle assemblages acting as individual units
in the structure. The cause for aggregation of particles and also size and shape
of aggregates may vary. According to Collins and McGown (1974), aggregation
might be found to be regular or irregular. In regular aggregation, unlike irreg-
ular aggregation, aggregates have a definite physical boundary and therefore
particular hydro-mechanical properties can be attributed to aggregates them-
selves. Particle matrices are also another type of particle assemblages which
form the background of the structure and depending on the extensiveness, in
some cases, act as a binder in overall soil structure. It is plausible to assume
that when special particle assemblages such as connectors, aggregates or inter-
weaving punches are destroyed and removed by any environmental cause, the
remaining structure of the soil contains mainly particle matrice assemblages.

Pore space is defined to be the space within and between the elementary
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particles and assemblages of particles. Volume of voids in soil is usually repre-
sented by one of the following parameters: porosity, n, defined as the ratio of
void volume over the total volume of the soil, void ratio, e, defined as the ratio
of void volume over the volume of solid particles, or specific volume, v, which
is the total volume of soil which contains unit volume of solid particles. From
these definitions, it yields:

n

(2.1a)

e =
1—n

v=1+e (2.1b)

With respect to the classification of soil fabric, Collins and McGown (1974)
defined different pore classes as follow: (i) intra-elemental pores: pores within
the elementary particle arrangements, (ii) intra-assemblage pore: pores within
particle assemblages which may occur between sets of elementary particle ar-
rangements or between smaller particle assemblages within a larger assemblage,
(iii) inter-assemblage pore, pores between the particle assemblages, and (iv)
trans-assemblage pores, defined as being pores traversing the soil fabric without
any relationship to the individual micro fabric features.

This classification does not account for size; however, the nature of the
classifications adopted implies the absolute size to increase from intra-elemental
to trans-assemblage pore space. In certain types of soil fabric this classification
becomes simplified in single, double or multi-modal distributions for the pore
size.

2.1.2 Pore fluid

The pore space can be filled with a combination of fluids. The pore fluid in soils
is often comprised of water as the liquid and air as the gas phase. Dry and fully
saturated soils correspond to the two extreme cases when the pores are only
filled with air or water respectively. In soil mechanics, the intermediate states
of the soil in which the pores are filled with two (or more) fluids are termed as
unsaturated or partially saturated. In partially saturated soils, both the relative
proportion of liquid and gas occupying the pore space and the energy state of
the liquid phase has important influences on the mechanical response of the
material. The relative proportion of liquid and gas is represented by the well
known parameter of degree of saturation S, defined as the ratio of pore liquid
volume over the total volume of the pores. The energy state, however, should
be evaluated in terms of water or liquid potential.

2.1.2.1 Pore water potential

Water potential is the potential energy of water relative to pure water in a
reference state. It quantifies the tendency of water to move from one area
to another due to osmosis, gravity, mechanical pressure, or capillary action.
An element of unsaturated soil, when in contact with a reference hypotethical
reservoir of free water, is capable of drawing water through the liquid and gas
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phase. In simple words, the term suction could be used to describe this property
(Tarantino and Jommi, 2005). More rigorously, the total suction in the soil refers
to the potential of soil water and it can be measured in terms of the partial
vapor pressure of the soil water (Richards, 1965; Fredlund and Rahardjo, 1993).
This is equivalent with the definition of total suction as the stress required
to extract a water molecule from liquid phase of soil matrix into the vapor
phase (Ridley, 1993, in Monroy (2005)). Many different potentials affect the
total water potential, and these effects are additive. In a simple system, two
components are the pressure potential and the solute potential.

(i) Pressure potential: The pressure potential corresponds to the intrinsic
pressure of the water which could be evaluated with respect to the atmospheric
reference pressure. In saturated soils, e.g. a soil element lying below the water
table, the water pressure is positive and the liquid is in compression. While,
in unsaturated soil, e.g. a soil element above the water table, the hydrostatic
water pressure is negative and therefore the liquid is in tension. This tension,
generated through the interaction of soil water and the soil matrix, is called
matric suction and it represents the pressure difference between the soil water
and the surrounding gas:

5= Py — Pw (2.2)

In the above relation, s denotes the matric suction, and p,, and p, are water
and air pressure respectively. In most cases, the air pressure is the atmospheric
pressure and hence, the suction is equal to the negative water pressure.

The matric suction is a result of adsorption effects between soil and water
molecules and capillary action within the soil matrix. In the vicinity of soil
particles in unsaturated soil, the soil water is divided into capillary water and
adsorbed water. In soils with an aggregated structure, this could occur in the
vicinity of the aggregates or in the vicinity of primary particles within the
aggregates. The adsorbed water is tightly bonded to the soil particles and
could be considered as a part of solid skeleton (see e.g., Ma and Hueckel, 1993).
Contrary to capillary and adsorbed water, free or bulk water could move through
the pore space. At the condition of equilibrium, it is plausible to assume that
the water has the same pressure everywhere within the soil matrix.

Capillary action is a result of the liquid surface tension. Surface tension is
defined as the force along a line of unit length where the force is parallel to the
surface but perpendicular to the line.

The capillary effect can be demonstrated using the familiar example of cap-
illary tube. When the lower end of a vertical glass tube is placed in a liquid such
as water, a concave meniscus forms. Surface tension pulls the liquid column up
until there is a sufficient weight of liquid for gravitational forces to overcome the
intermolecular forces. The pressure difference at two sides of the water interface
with air are retained by the surface tension:

2T,
Pa — Pw = — (23)

Cc

where r. is the radius of meniscus curvature and 7T is the surface tension.
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(ii) Solute potential: Solute or osmotic potential of water is linked to the
dissolved solutes in soil water. Pure water is usually defined as having a solute
potential of zero, and in this case, solute potential of soil water containing dis-
solved solutes can never be positive. The suction corresponding to this negative
water potential is called osmotic suction, s,. The osmotic suction represents
the difference between the measured values of total water potential with re-
spect to two similar reference systems with free pure water and water identical
in composition with the soil water.

2.1.2.2 Suction in unsaturated soils

Following the description given above, the total suction, s;, could be written as

in which s and s, represent matric and osmotic suction in soil respectively. The
osmotic suction could be observed only if the soil water is in contact with pure
water through a perfect semi-permeable membrane which allows only the water
molecules to pass and not the solutes. Providing such a membrane is rather
complex and the osmotic suction is not usually measured in soils. However,
the concept of osmotic pressure, per se, has been used to design new testing
equipments for unsaturated clayey soils (Kassif and BenShalom, 1971; Delage
et al., 1998, among others).

The matric suction is widely accepted to be the governing component of
suction in description of the mechanical behavior of unsaturated soils, and it has
been used to formulate the mechanical constitutive models for these materials
(Alonso et al., 1990; Cui and Delage, 1996; Geiser, 1999). Accordingly, from now
later on in this study, the term suction refers to matric suction unless otherwise
stated.

2.1.3 Multi-scale heterogeneity

If the soil is idealized to be bundle of capillary tubes, the matric suction and the
meniscus formed at the particle contact point at the pore entrance is controlled
by Equation (2.3). However in reality, attention should be given to the soil
fabric and the heterogeneity of the soil matrix.

Most soils show different kinds of heterogeneity depending on the considered
scale. In classical soil mechanics problems, the level of heterogeneity is usually
limited to the differences among the characteristics of the soil layers. Inside
a specific soil layer at the scale of geotechnical testing samples, termed here
macro-scale, the soil is usually assumed to be homogeneous as soon as enough
grains or aggregates are considered. While at smaller scales corresponding to
that of the pores, here termed pore scale, heterogeneity can be defined by means
of smaller structural units, such as different pores, fissures or aggregates.

Postulation of a homogeneous soil at the macro-scale implies the consid-
eration of a representative elementary volume (REV) of a given material. A
REV is required to include a significant amount of small-scale heterogeneity to
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Figure 2.2: Effect of sample size on the porosity: (a) sample sizes (gray: solid, white:
void) (b) porosity vs. sample scale.

respect a meaningful statistical average (Vogel and Roth, 1998). As an exam-
ple, the dependence of the sample porosity on its scale is schematically shown
in Figure 2.2. It can be seen that the REV may be representative of a ho-
mogeneous medium, while smaller samples are completely heterogeneous. For
volumes below the REV, as may be seen in Figure 2.2(a), the whole sample
can be located completely within the pores or within the particles, leading to
quite different values of porosity. However, when the sample sizes increase, the
difference between the two values of porosity decreases and they tend to a single
one obtained at the REV level. It is noteworthy that depending on the het-
erogeneity of the medium at larger scales, the different measured values of a
parameter like porosity might again diverge at larger scales.

2.1.4 Structured soil

There is a strong relationship between the soil structure and soil heterogeneity.
In the classical soil mechanics, soil is considered to be a homogeneous continuum
in which heterogeneity at the pore and particle scale is usually smoothed out
(Laloui et al., 2003). It means that the effects of soil structure on its macroscopic
behavior is assumed to be insignificant. However in some soils, the response to
environmental loading is strongly influenced by the soil structure. These soils,
in general sense, are here referred to as structured soils. The behavior of these
materials are usually associated with special complexities in different aspects
that cannot be explained by classical soil mechanics theories without taking the
soil structure into account.

In the literature, soil structure effects on the material behavior have been
evaluated for two groups of soils: natural bonded soils where the inter-particle
bonding governs the material behavior, and aggregated soils including com-
pacted and expansive clays and, natural and agricultural aggregated soils in
which the soil fabric receives the main focus.

2.1.4.1 Natural bonded soils

Natural soils show various structures, characterized by structural units, such as
aggregates, porous block, fissures, earth worm holes and root channels. They

10
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differ from reconstituted soils, namely the soil with the same mineralogy from
which the structures are removed by remolding, in a number of important as-
pects. The differences arise from their particular in-situ structure (Burland,
1990). The mechanical behavior of these materials is predominantly influenced
by inter-particle bonding. These materials are often referred to as natural struc-
tured soils (Wood, 1995; Baudet and Stallebrass, 2004; Liu and Carter, 2000b;
Cuccovillo and Coop, 1999) or bonded soils (Gens and Nova, 1993; Nova et al.,
2003).

In these materials, different causes for development of bondings could be
considered; among them are solution and deposition of silica at particles contacts
in sands, cold welding at inter-particle contacts at high pressure, deposition of
carbonates, hydroxides and organic matter from solution, and the modification
of the adsorbed water layer and inter-particle attractive forces in clayey soils
(Leroueil and Vaughan, 1990). Although the cause of special structures in these
materials might be different and rather complex, according to Leroueil and
Vaughan (1990) the structural effects on the behavior could be described in the
same way.

In these materials, the bonds could be subjected to degradation and the
initial soil structure might change during different environmental loadings (see
e.g Callisto and Rampello, 2004). This phenomenon is referred to as structure
degradation or de-structuring. Reconstituted soil of the same mineralogy is
considered as the fully de-structured material and it is considered as reference
state to interpret the characteristics of structured soil (Burland, 1990).

2.1.4.2 Aggregated soils

Structured soils exhibit, in contrast to reconstituted soils, a wide and often bi- or
multi-modal pore size distribution. There are two extremes in conceptualizing
the fabric of these materials: aggregation of particles and macro void formation,
e.g., fissures, cracks or cavities.

Aggregation of particles results in an open structure for soil. The size of
aggregates ranges from tenths of microns to centimeters or even larger units
(clumps, clods). Soil aggregates in general may differ in properties such a
texture, resistance, porosity or relative density (Terzaghi et al., 1996). The
morphological characteristics of the pore space between the aggregates depends
on the size, distribution and shape of the aggregates and on their history of
formation and compaction.

The other extreme corresponds to the voids that form a continuous pore
space within a matrix. The openings (apertures) of such macropores are in the
order of some ten microns and larger. Fissures in swelling/shrinking soils, root
channels in forestry and arable soils and even bio-pores dug by the soil fauna
(e.g. earth worms) are main examples of macro void formation.

Aggregation of particles is a commonly observed phenomenon in natural
and agricultural soils (Horn, 2003) as well as in compacted clays at dry side
of optimum water (Barden and Sides, 1970; Sridharan et al., 1971; Collins and
McGown, 1974) and compacted expansive clays (Lloret et al., 2003). However,
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Figure 2.3: Scanning electron microscopy of compacted clay at dry side of optimum
(Delage et al., 1996): (a) 300x, (b) 3000x
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Figure 2.4: Distribution of incremental pore volume for two compacted bentonite
samples at different dry densities. Mercury Intrusion Porosimeter test
(Lloret et al., 2003)

size of aggregates in expansive and compacted clays are some orders of magni-
tude smaller than aggregates in natural or agricultural soils. Figure 2.3 shows
the Scanning Electron Microscopy of clays compacted at dry side of optimum
in which aggregation of particles could be observed (Delage et al., 1996).

It has been observed that soils with an aggregated structure including com-
pacted clays (Al-Mukhtar, 1995; Delage et al., 1996; Griffiths and Joshi, 1990),
expansive clays (Gens et al., 1995) and natural aggregated soils (Cuisinier and
Laloui, 2004), are all characterized by a fabric with two dominant pore sizes cor-
responding to micro- (intra-aggregate) and macropores (inter-aggregate). Fig-
ure 2.4 shows the bi-modal pore size distribution of an expansive clay obtained
by Mercury Intrusion Porosimetry. Hence, in the general sense, aggregated soils
are structured soils with double porosity.
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The hydro-mechanical properties of aggregates, as particle assemblages with
a definite physical boundary, could be to some extend treated separately from
the whole assembly of soil. These soils are termed double structure soil (Alonso
et al., 1999), as two levels of structure could be identified for these materials:
macro- and microstructure. The soil microstructure is defined as the elemen-
tary particle associations within the soil aggregates, whereas the arrangement of
these soil aggregates and the relation among the structural units at the aggre-
gate level is referred to as the macrostructure (Al-Mukhtar et al., 1996). The
micropores or intra-aggregate pores are considered to be the smaller capillar-
ies and pores within the aggregates and their vicinity; whereas, macropores or
inter-aggregate pores are the much larger intercluster voids between the aggre-
gates. However, the boundary between micropores and macropores is arbitrarily
chosen in the literature with vague criteria (Kodikara et al., 1999).

2.1.5 Concept of double porosity

Such a division of pores into macro and micro levels leads to the concept of
double porosity for soils. This concept has been extensively used in different
fields and it can address the both features depicted in Figure 2.5.

The concept of double porosity was first introduced by Barrenblatt et al.
(1960) as a flow model for non-deformable fissured porous media. This model
was simplified by Barrenblatt (1963) and Warren and Root (1963). Then Aifan-
tis (1977) extended this concept by sketching the basis of a multi-porosity model
to include mass exchange of solutes through diffusion between the mobile and
stagnant water phases. The general theory of Aifantis unified the earlier pro-
posed models of Barenblatt for fluid flow through non-deformable porous media
with double porosity and Biot’s theory for consolidation of deformable porous
media with single porosity (Biot, 1941). This theory was widely applied to
model the consolidation phenomena in fissured clays and deformable fractured
media (Wilson and Aifantis, 1982; Musso et al., 1990; Khalili and Valliappan,
1991; Ghafouri and Lewis, 1996; Khalili et al., 1999; Callari and Federico, 2000).
A new coupling link between the elastic volumetric deformations of the two pore
systems was added by Khalili and Valliappan (1996).
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Figure 2.5: Concept of double porosity: (a) Aggregated soil; (b) Fissured porous
medium
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The concept of double porosity has been also used in analysis of multiphase
flow related to petroleum reservoirs in fractured media (Lewis and Ghafouri,
1997). It has been also widely used in description of the behavior of swelling
materials (Alonso et al., 1991; Gens and Alonso, 1992; Alonso, 1998; Sanchez
et al., 2005).

Parallel to the problems of deformation, double porosity models are also
widely used in solving problems of water and solute transport in soil. In such
media, water flows preferentially through the macropores (Gwo et al., 1995;
Simunek et al., 2003) and this results in more complex water flow in the media.
In the existing models for flow in double porosity media, the porous medium
is assumed to be a system of two overlapping interacting regions associated
with macro- and micropores (Simunek et al., 2001; Huang et al., 2003). Al-
though most of the fluid mass is stored in the micropores, the permeability of
the macropores is much higher than that of the micropores (Tuncay and Corap-
cioglu, 1995). This concept leads to models in which two distinct pore pressures
are present in two system of pores (Wang and Berryman, 1996).

Two different approaches exist for water flow in a double porosity medium:
dual permeability and dual-porosity approach (e.g. Gerke and Van Genuchten,
1993). The first one allows for the water to flow in both macropores and the
matrix. Darcy’s law is postulated for both systems of pores with different values
of permeability providing additional terms for water transfer between macro-
and micropores. This approach has been used for the study of consolidation in
double porosity media (Wilson and Aifantis, 1982; Musso et al., 1990; Lewallen
and Wang, 1998; Khalili et al., 1999; Callari and Federico, 2000) and water flow
in deformable double porosity soils (Khalili and Valliappan, 1996; Lewis and
Ghafouri, 1997; Lewandowska et al., 2004). The second approach assumes that
water flow happens only through the macropores. Micropores are assumed to
be only involved in the local water exchange between two system of pores and to
act as feeding sources for macropores that can exchange, retain and store water
but do not permit convective flow (Huyakorn et al., 1983; Simunek et al., 2003).
As a result, water in aggregated soil is either mobile water, namely free bulk
water in macropores, or immobile water in micropores within the aggregates
(Gwo et al., 1995; Pini and Putti, 1997; Simunek et al., 2001; Huang et al.,
2003; Simunek et al., 2003). The immobile water in intra-aggregate pores is
considered by some authors as the water adsorbed by solid particles that should
be treated as a part of solid phase (Loret et al., 2002; Ma and Hueckel, 1993;
Murad and Cushman, 2000). Each approach requires its own set of appropriate
hydraulic constitutive equations that should be introduced to derive the field
equations.

Recently, Sanchez et al. (2005) developed the formulation of double porosity
media applied to an aggregated expansive soil consists of clay pellets. They used
the conceptual model of Ghafouri and Lewis (1996) in which the medium with
double porosity is divided into two overlapping but distinct continuum corre-
sponding to two different structures of pores. The first one is related to the solid
particles and the voids inside the pellets, and the second medium is associated
with the pellets and the pores between them. Although, this concept offers
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different possibilities to better describe problems of double porosity media, it
suffers from the fact that degradation of structures and structure modifications
are not integrated in it.

2.2 Partial saturation effects

2.2.1 Water retention characteristics

The relation between the the liquid potential and the relative proportion of
liquid and gas occupying the pore space in unsaturated soils is evaluated by the
soil water retention characteristics. For a soil with given void ratio and fabric,
the degree of saturation, .S,, in the isothermal condition depends on suction
s. In general, the relation between degree of saturation (S,), suction (s), and
void ratio (e) identifies the water retention characteristics of a soil and the plots
representing this relations are called water retention curves.

Water retention curve of unsaturated soils has been studied both in soil
physics (Van Genuchten, 1980; Green et al., 1996) and soil mechanics (Sivaku-
mar, 1993; Geiser, 1999; Cunningham et al., 2003; Tarantino and Tombolato,
2005, among others). Figure 2.6 presents the experimentally determined re-
lation between degree of saturation, suction, and void ratio for London Clay
during drying and wetting under constant external stress (Cunningham et al.,
2003).

In general, and as it can be seen in this figure, the degree of saturation
decreases with suction. However, experimental observations have shown that
the degree of saturation for a given suction is not identical in drying and wetting
path. This phenomenon corresponds to the hydraulic hysteresis (Croney, 1952).
The hydraulic hysteresis should be ascribed to the fabric of soil and the different
effects of pore entrapments in drying and wetting paths.

When a sample of saturated soil is subjected to suction increase at constant
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Figure 2.6: Water retention curve for a clay-silt mixed soil (Cunningham et al.,
2003): (a) degree of saturation-suction, (b) specific volume-suction
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Figure 2.7: Behavior of bentonite-kaolin during isotropic loading at constant suction
(Sharma, 1998, in Wheeler et al. (2003)): (a) specific volume, (b) degree
of saturation

external loading, the pores remain saturated until a given suction (Blight, 1967;
Geiser, 1999, among others). This suction is called air entry value suction and
it is usually denoted by s.. When this limit is surpassed, the soil enters a
quasi-saturated state in which occluded air bubbles exist in the soil with the
water menisci being formed at the boundary of bubble with the bulk water
(Tarantino and Jommi, 2005). After this state, the degree of saturation of the
sample continues to decrease in a partially saturated state until a residual value
Sres termed as residual degree of saturation. At the residual state, only small
water menisci with high values of negative water potential exist within the soil.

The explicit dependence of degree of saturation on void ratio has been usu-
ally ignored. When dealing with the assumption of incompressible material, the
consequences are limited. However, experimental results on real deformable soil
show that an increase in void ratio (even at constant suction) could increase the
degree of saturation in soil (Sivakumar, 1993; Sharma, 1998; Monroy, 2005).

An example of such behavior is presented in Figure 2.7 for unsaturated
bentonite-"kaolin during isotropic compression under constant suction. The
mean net pressure in these figures is the total pressure from which the air
pressure has been subtracting and it represents the mechanical loading applied
to the soil.

Equivalent increase of degree of saturation was observed by Cuisinier and
Laloui (2004) during the oedometric compression of aggregated silt at constant
suction. In natural aggregated soils, macropores are usually drained even at low
values of suction. When these empty pores are closed as a result of mechanical
loading, the total volume of voids are modified while the mass and volume of wa-
ter in the aggregates remains almost constant. Hence even at constant suction,
the degree of saturation could be subjected to significant increase depending on
the state of compression.

A direct consequence of suction increase, in general, is shrinkage of the soil.
Different interpretations have been given for the volume change of soils with
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Figure 2.8: Typical interpretations for suction-induced volume change: (a) drying
path, (b) interpretation of Alonso et al. (1990), (c) interpretation of
Geiser (1999)

suction increase (Fig. 2.8). Alonso et al. (1990) suggested for a soil in a drying
path, an elastic deformation until reaching a yield suction beyond which plastic
volume change occurs in the same way as in an isotropic mechanical loading path
(Fig. 2.8(b)). If the soil is then subjected to wetting, it again follows an elastic
path like mechanical unloading. In line with definition of preconsolidation stress,
the yield suction (s,) in this interpretation is considered to be the maximum
previously experienced suction.

Another interpretation, given by Geiser (1999) who evaluated the experimen-
tal results of Zehrouni (1991) and Taibi (1994), appears to be more realistic. In
this interpretation, depicted in Figure 2.8(c), the suction-induced deformations
are mainly irreversible in the domain of saturated pores and reversible in the
domain of unsaturated pores. The yield limit suction, s,, is allowed to be equal
to or slightly different from the air entry value suction, s.. In this latter case,
the yield suction has been linked to the shrinkage limit of the soil.

The slopes of reversible and irreversible parts, in both interpretations, are
considered to be material properties.

2.2.2 Capillary effects

The capillary effects could be evaluated through the concept of water meniscus.
According to Gens and Alonso (1992), the water menisci could be present at
the particle contact between individual sand and silt grains or between the soil
aggregates. The effects of the water meniscus on the mechanical behavior of the
soil at the macro-scale have been discussed by several authors (Tarantino and
Tombolato, 2005; Jennings and Burland, 1962, among others). It is commonly
accepted that the water meniscus could act as bonding between soil particles,
retains the soil particles together, and therefore, enhances the overall stability
of the soil skeleton.

One of the major consequences of the presence of inter-particle menisci in
partially saturated soils is dependency of yield limit, during loading at constant
suction, on the suction level (Wheeler and Sivakumar, 1995; Alonso et al., 1987,
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among others). In general, the higher the tensile pressure of water meniscus,
the higher the yield limit in unsaturated soil. This implies the yield limit to be
a function of not only stress state and stress history, but also of suction.

Another important effect of water menisci is collapse upon wetting of un-
saturated soils (see e.g. Wheeler and Sivakumar, 1995). This phenomenon is
linked to the removal of water menisci and capillary effects at saturated state.

Logically, it is plausible for the soil rigidity to be affected by the presence of
water menisci in the unsaturated soils. The influence of suction on soil rigidity
will be reflected in the elastic modulus and the mechanical compressibility.

It has been repeatedly suggested for the elastic properties to be indepen-
dent of or insignificantly dependent on suction (Geiser, 1999; Rifa’i, 2002). Ac-
cordingly, a constant slope of unloading-reloading is usually considered in the
compression space of v — In p,e; (Prer is the mean net pressure). However, some
authors argued that this slope increases with suction (Al-Mukhtar et al., 1993).

The mechanical compressibility in unsaturated soils has been often evaluated
by studying the influence of suction on the slope of normal consolidation line in
v — In pre space. Most authors agree in the fact that this slope decreases due
to the suction increase (Matyas and Radhakrishna, 1968; Alonso et al., 1987,
Charlier et al., 1997; Sivakumar, 1993; Geiser, 1999). However, some authors
argued that the evolution of this slope with suction depends on the suction
level and stress state of the soil (Wheeler and Sivakumar, 1995). Hence, the
understanding of the evolution of soil compressibility with suction still demands
more rigorous investigations.

2.3 Fabric effects in unsaturated soils

2.3.1 Influence on water retention characteristics

The influence of fabric on the water retention characteristics has been evaluated
for natural aggregated soils (Coppola, 2000; Burger and Shackelford, 2001) as
well as for compacted clays at dry side of optimum and compacted expansive
soils (Romero et al.; 1999, among others). As previously mentioned, these
materials exhibit double porosity fabric; therefore, some understanding of fabric
effects in these materials is helpful in the current study.

Figure 2.9 shows the evolution of volumetric water content with suction
for a specimen containing pellets of about 1 mm diameter from processed di-
atomaceous earth reported by Burger and Shackelford (2001). The results are
presented in terms of volumetric water content (the fraction of the total volume
of soil that is occupied by the water contained in the soil). The measured soil-
water characteristic curve data are bimodal, reflecting both the microporosity
region within the individual pellets, or intra-pellet porosity, and the macroporos-
ity region between the pellets, or inter-pellet porosity. These authors introduced
the inflection point in the bimodal water retention curve (Fig. 2.9(b)) as the
point where the macroporosity appears to have completely desaturated and the
microporosity begins to desaturate. They suggested that the water retention
data for soil suctions greater than, and less than the suction corresponding to
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atomaceous earth, (b) schematic of a conceptual representation

remaining intercluster water +
some intracluster water

'intra-aggregate

10 governing suction’

intercluster NyM
water ’

v free macropore
water

‘inter-aggregate
governing suction'

0.1

— = 13.7 kN/m?

———e——16.7 kN/m?
0.01

Suction W (MPa), (matric suction if (u,-u,) < 0.5 MPa)

0 5 10 15 20 25 30 35
Water content, w (%)

Figure 2.10: Main wetting and drying retention curves for the different packings of
compacted Boom clay (Romero et al., 1999)

this point could be evaluated separately according to the physical properties of
macro- and micropores. In the joint study of the present research work, Carmi-
nati (2006) studied the water retention properties of aggregates and micropores
within them. Results of that work showed that the water retention behavior of
aggregates are influenced by different factors such as the geometry of pores and
aggregate contacts.

Figure 2.10 illustrates the relation between degree of saturation and suction
for different packings of a compacted Boom clay, a material with initial double
porosity fabric (Romero et al., 1999).

19



Chapter 2

The water retention curve of the aggregated clay in Figure 2.10 shows two
regions with different responses to change in void ratio. At lower values of
suction, dependence of retained water on soil void ratio (dry density) is observed;
however, at higher suctions, the retained water is independent of soil void ratio.
Romero et al. (1999) associated these two regions with intra- and inter-aggregate
governing suction zones. They discussed that in the inter-aggregate governing
suction zone, the water content is high enough to partly fill the inter-aggregate
voids. This zone is sensitive to mechanical actions, since the mechanical loading
reduces the macroporosity and affects the bulk water contained in the inter-
aggregate pores. While, the intra-aggregate porosity is not significantly affected
by this effect.

Equivalent observations of two regions were made by Lloret et al. (2003) for
the water retention curve of compacted bentonite. They reported that the region
of high suctions in the water retention curve corresponds to the intra-aggregate
pores, where total porosity plays no relevant role and the water uptake is mainly
governed by electro-chemical forces. Bernier et al. (1997) and Cuisinier and
Masrouri (2004) expressed similar explanations for their experimental evidence
in which retained water at high suctions appeared to be independent of dry
density for compacted clay.

Theoretically, the macropores require lower suction, in comparison with mi-
cropores, to be drained (Eq. 2.3). Accordingly, there is a possible suction state
at which the macropores are drained while the micropores are still saturated.
With respect to this point, Gens and Alonso (1992) postulated the assumption
that clay aggregates in compacted expansive soils remain saturated, whatever
the state of the soil would be, and therefore their behavior could be described
using saturated soil concepts.

2.3.2 Collapsible behavior

A possible scenario during the wetting of aggregated soils is the removal of
inter-particle bondings and disintegration of soil aggregates.

It is noteworthy that in the case of compacted material, the bonding could
be either strong inter-particle water menisci or electro-chemical forces. Removal
of these bonds yields the collapse of the aggregated structure and consequently
results in dramatic deformations of the whole soil.

Observations made by Alonso et al. (1995) during the soaking of expansive
clay pellet samples under constant vertical stress showed that the applied con-
fining stress plays an important role on the response of aggregated structure
upon wetting. In these tests, carried out in conventional oedometer cells, spec-
imens were soaked under vertical loads in the range of 10 kPa to 2.4 M Pa and
the real time deformations were recorded, as presented in Figure 2.11.

For the samples wetted at low confining stress, clay pellets were found to
expand because of their expansive nature. In these samples, an increase in void
ratio could be observed up to a certain point where aggregates and subsequently
the soil at the macro-scale collapse. However, the final deformation was reported
to be a swelling strain.
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Figure 2.11: Soaking of compacted Boom clay samples under different vertical loads
for dry unit weight of 13 kN/m? (Alonso et al., 1995)

When confining stress increases, swelling tendency of aggregates is masked
by their distortion and collapse of aggregates; therefore, void ratio of soil starts
to decrease from the beginning of wetting. It was observed that reduction in
void ratio happens in two main steps. This behavior was attributed to the
wetted aggregates occupying the empty macropores at the first step and then
to the overall collapse of the soil structure at the second step. It is also observed
that the time or average suction for the outset of collapse decreases as confining
stress increases.

Hoffmann et al. (2006) showed that the required time for collapse of a com-
pacted clay specimen during wetting is controlled by the rate of application of
moisture at the specimen boundaries. They reported an immediate collapse of
specimens wetted by liquid water, while the collapse of specimens wetted by
vapor happened later.

Interpreting their experimental observations, Hoffmann et al. (2006) stated
that in the case of slow application of suction variations, water potential at
micro- and macropores have the opportunity to remain equal through the wet-
ting process and this prevents a sudden collapse before the condition close to
saturation.

These observations could be compared with those made by Or (1996) who
stated that major deformation of agricultural aggregated soil during wetting, in
presence or absence of external load, is due to wetting-induced disintegration of
aggregates at the top layer of the soil.
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2.4 Inter-particle bonding effects

Experimental evidence of the bonded soil structure effects on the mechanical
response have been reported for a wide variety of natural soils, including soft
rocks (Tavenas and Leroueil, 1990; Smith et al., 1992), stiff clays and clay shales
(Calabresi and Scarpelli, 1985; Anagnostopoulos et al., 1991; Burland et al.,
1996), granular soils (Mitchell and Solymar, 1984; Coop and Atkinson, 1993)
and residual soils (Vaughan and Kwan, 1984; Vaughan et al., 1988; Wesley,
1990). In almost all of these works, the influence of soil structure has been
evaluated with respect to inter-particle bonding effects and explicit investigation
of soil fabric has been rarely done (Cuccovillo and Coop, 1999). Furthermore,
study of this works has been mainly limited to the saturated states. To identify
the extra features in the mechanical behavior of natural soils arising from soil
structure, it is widely accepted to compare it with reconstituted soil of the same
mineralogy as a reference state. Burland (1990) should be cited as the first one
who suggested the term intrinsic for properties of the reconstituted soils, a
terminology which has been widely used by others in further works in this field.

2.4.1 Pre-yield behavior

The pre-yield behavior of soils is commonly characterized by the elastic (recov-
erable) deformations. Influence of soil structure on the elastic properties has
been evaluated by Callisto and Calabresi (1998) who compared the behavior
of structured Pisa clay with the corresponding reconstituted samples. They
reported a fair agreement between the elastic stiffness of the reconstituted and
structured clay for small stress increments. This implies for elastic properties to
be independent of the soil structure. The assumption of independence of elastic
behavior from the soil structure has been a common postulation in development
of constitutive models for structured soils (Gens and Nova, 1993; Rouainia and
Wood, 2000).

However, Leroueil and Vaughan (1990) argued that although behavior before
the primary yield is stiff, it is not necessarily elastic. These authors, based on
the experimental observation of Bressani and Vaughan (1989), reported that
structure may be destroyed and yield stress reduced while a sample is following
a stress path within the primary yield limit.

2.4.2 Yield limit

In an intact state, the inter-particle bonding could enhance the overall stability
of the soil skeleton, hence, it is logical for the strength and the yield limit of the
soil to increase due to presence of these bondings.

The yield limit in isotropic compression condition is represented by the nor-
mal consolidation line. For a reconstituted saturated soil, all possible states lie
to the left side of this curve in a v — p’ space where p’ is the mean effective pres-
sure. However, experimental observations proved that the virgin compression
curve for most of sedimentary natural soils lie well above the normal consolida-
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Figure 2.12: One-dimensional compression of natural structured and reconstituted
clays: (a) Bothkennar Clay, natural clay taken with two different differ-
ent samplers (Smith et al., 1992), (b) Pisa clay (Callisto and Calabresi,
1998)

tion line of reconstituted soil (Burland, 1990).

Effects of bonded structure with respect to this fact have been examined
by Leroueil and Vaughan (1990) for different natural soils. They reported that
many of the naturally occurring sedimentary and residual soils have components
of strength which cannot be accounted for by porosity and stress history alone.
Leroueil and Vaughan (1990) showed that the void ratio for both residual and
sedimentary structured soils is greater than can be sustained by the same soil
from which structure has been removed by remolding. Similar observations were
made by Smith et al. (1992) who studied the yielding behavior of Bothkenar
natural clay. They compared the oedometric compression curve of undisturbed
Bothkenar clay with the compression curve of reconstituted soil termed as in-
trinsic compression curve (ICC), as presented in Figure 2.12(a). These authors
reported a higher oedometric yield stress for the structured clay. For a given
stress, this allows the structured clay to sustain higher void ratio in comparison
with reconstituted soil. Equivalent observations were made by Callisto and Cal-
abresi (1998) for the oedometric compression of both natural and reconstituted
Pisa clays, as presented in Figure 2.12(b).

The observed behavior of structured natural clays can be often reasonably
approximated by straight pre-yield and post-yield segments (Graham et al.,
1988). Leroueil and Vaughan (1990) stated that while bonded structure in
these materials might arise from different causes, its consequences on the ma-
terial behavior is similar and corresponds to a stiff behavior followed by yield.
Accordingly, they described this yield in a similar way to that occurring due to
overconsolidation, although it is a different phenomenon.
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Figure 2.13: Effect of creep on one-dimensional compression of clay (after Wood,
1990)

The apparent overconsolidation behavior of bonded soils could be compared
to the effects of creep and aging in soils (Bjerrum, 1972). The term creep is
usually used to describe deformation continuing with time at constant effective
stress. The description given by Wood (1990) is adapted here for the relation
between creep and the apparent overconsolidation behavior. If an oedometer
test (AB in Fig. 2.13) is stopped in the middle of the test, creep occurs (BC'). As
the rate of creep deformation gradually falls with time, the state of the soil moves
to lower compression curve appropriate to the falling rate of deformation.When
the loading is restarted, state of the soil returns back to the compression curve
following which it had been loading from the beginning of the test (CDE).
Therefore, sample appears to have become apparently overconsolidated and an
apparent preconsolidation pressure would be assigned to D (in Fig. 2.13) even
though the soil had never previously experienced effective stresses higher than
those at B (in Fig. 2.13) and C'. This description could explain the behavior of
marine deposits and aged soil in which creep have been occurring in large scales
of time.

The relation between creep and the soil structure has been studied by some
authors (Leroueil, 2006; Sorensen et al., 2007). However, further evaluation of
this relation is beyond the scopes of this study and will not be treated here.

2.4.3 Yielding behavior

The inter-particle bonding has been found to have a major effect not only on
the yield limit but also on the post-yield and the material response during the
occurrence of yielding.

Burland (1990) showed that natural sedimentary clays are more sensitive
and they exhibit a more brittle behavior than reconstituted material and the
post-yield compression index is usually much greater in natural soils. It has been
reported that the compressibility index for structured soft clay correlates with
initial void ratio and the sensitivity of the clay rather than with plasticity in
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conventional manner (Leroueil et al., 1983). Brittle behavior was also observed
in the compression behavior of natural Bothkennar clay by Smith et al. (1992).
They identified a sharp yielding corresponding to the transition from recoverable
to irrecoverable domain of material behavior in various stress-path triaxial tests.

In the case of natural Pisa clay, however, triaxial and oedometer results of
Callisto and Calabresi (1998) showed that the yielding in this material is a grad-
ual phenomenon. While, the post-yield compression curve of natural clay was
still characterized by greater compressibility value in comparison with reconsti-
tuted soil. They ascribed the increase in the compressibility to a progressive
change in the microstructure of the clay. They showed that when the stress
path involves greater changes in the deviatoric stress than mean pressure, the
behavior of reconstituted and natural material is qualitatively similar. While,
the behavior of the two soils are different for stress paths where the reverse
change of stress applies.

It has been commonly reported that the compression curve of structured clay
tends to converge to that of reconstituted clay, as the applied stress increases
(Burland, 1990; Callisto and Calabresi, 1998). As expressed by Graham et al.
(1988), after Bjerrum (1967), in the region between the pre-yielding and post-
yielding the microstructure of natural clays experiences major disturbance or de-
structuring. Consequently, the influence of soil structure becomes less important
and the response of the materials becomes closer to that of the reconstituted
soil without inter-particle bonding.

Leroueil and Vaughan (1990) argued that the complete removal of structure
does not necessarily imply coincidence of the compression curves of structured
and reconstituted soil and further strains might be required to achieve similar
fabric and particle packing. Rouainia and Wood (2000) also discussed that the
occurrence of localization in these materials will prevent any further homoge-
neous de-structuring and only within the zone of concentrated shearing, loss of
structure will be completed. Therefore, it will not be possible to deduce the
asymptotic behavior of reconstituted materials.

Microstructural study of natural clays has shown that some elements of
structure remain in the clay even at very large strains or after reconstituting
(Cotecchia and Chandler, 1998). This can be better described using the con-
cept of metastable fabric for sedimentary soils (Mitchell and Soga, 2005). In
these materials, the initial fabric after deposition is quite open with large pores.
During consolidation this fabric can carry effective stress at a void ratio higher
than would be possible if the particles and particle groups were arranged in
an efficient parallel arrangement (Mitchell and Soga, 2005). When the soil is
remolded, the fabric is progressively disrupted and the strength is decreased.
Compression of the initial metastable state corresponds to the virgin compres-
sion of the soil, as depicted in Figure 2.14(a). States to the right side of this
curve would be possible only in the presence of bondings which enables the soil
to resist additional compressive stress (ab) or to exhibit additional void ratio
(bc). While, the difference between the virgin compression of metastable state
and the compression of fully de-structured soil, namely cd, is ascribed to the
soil fabric.
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Using this concept, Baudet and Stallebrass (2004) divided the soil structure
into stable structures that do not degrade; and metastable structures which un-
dergo de-structuring (Fig. 2.14(b)). They reported that the convergence toward
intrinsic states is characteristic of natural clays with metastable structure. For
clays with stable elements of structure, it is hypothesized that no strain path
could ever achieve a level of de-structuration that would bring it to the intrinsic
state. In such case, they considered that the soil could reach a stable state that
is not the intrinsic state due to existence of stable elements in the soil fabric.

In general, as proposed by Leroueil and Vaughan (1990), compression curve
of structured soil and reconstituted soil from loosest possible state could be
simplified as depicted in Figure 2.15. They introduced a structure permitted
space for structured soils, in which soil can exist only due to structure.

26



Background and problem addressing

2.4.4 Combined effects of bonding and partial saturation

Although many natural structured soils are unsaturated, only few studies have
considered the combined effect of unsaturation and bonded soil structure on
soil behavior. These effects were discussed by Alonso and Gens (1994) for the
purpose of constitutive modeling. To our knowledge, the only representative
experimental research in this field is the work done by Leroueil and Barbosa
(2000). These authors examined the combined effects of bonding and partial
saturation on yielding of artificially cemented soils and non-cemented soil by
means of triaxial and oedometer tests. Despite the difference between the na-
ture of tested material and the structured soil concerned in this study, the results
of that work provide a background about the suction effects in bonded material.
They examined the oedometric yield stress of cemented and non-cemented soil
at different suctions. The yield stresses deduced from their tests are plotted in
Figure 2.16 in the space of suction versus the vertical net stress. The increase
due to suction of yield stress in reconstituted soil (Ao, ) is determined by
curve LC,, named Loading-Collapse curve after Alonso et al. (1990). At satu-
rated condition, cementation induces an additional increase in the yield stress
(Aoys). If this value is added to the curve LC,, the dashed line is obtained.
However, yield stress given by the obtained curve appeared to be less than the
real yield stress for unsaturated cemented soils. The difference (Aoy s.) has
been attributed to the hardening effect of suction on bondings. Therefore, they
showed that the yield stress resulting from the combined effect of partial satu-
ration and bonding is larger than the sum of the contribution of the two factors.
As observed in these results and proposed by Alonso and Gens (1994), suction
in bonded soils has two effects corresponding to capillary effects on soil matrix
and strengthening of inter-particle bonds which should be taken into account
when dealing with these materials at unsaturated states.
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Figure 2.16: Loading-Collapse curves for cemented and non-cemented Vigosa resid-
ual soil Leroueil and Barbosa (2000)
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2.5 Study of soil structure

2.5.1 Experimental methods for soil fabric study

Over the few recent years, experimental study of soil structure has received an
increasing interest with the purpose of relating the soil structure at the pore
scale to the macroscopic behavior.

There are several ways to study the structure of geomaterials, among them
being scanning electron microscopy, nitrogen adsorption, mercury intrusion
porosimetry (MIP) and new methods based on computed tomography.

In general, these techniques are aimed at evaluating and characterizing the
soil fabric and they provide information about the geometry of pores and par-
ticles in soil. These techniques can be classified according to several crite-
ria. These criteria include the direct or indirect and the destructive or non-
destructive nature of the method and also the type of obtained information
and the measured porosity. They might provide information on total porosity
or on connected porosity with only the mere knowledge of the global porosity
or with additional three-dimensional information about the connected porosity
pathways (Pleinert and Degueldre, 1995).

Technically, experimental methods involved in the study of soil fabric can be
divided into two main categories: direct and indirect methods. In the first group,
as the name indicates, the evaluation of soil fabric is based on direct observation
of the geometry of the pores using images. This includes for example optic or
electron microscopy. For the indirect methods, usually a second material is
injected into the pores and the geometrical information of pores is related to a
physical measurable variable of the material in contact with soil. The methods
usually give quantitative information about the soil fabric. The most popular
technique of the latter type is the mercury intrusion porosimetry (Sridharan
et al., 1971). Using mercury intrusion porosimetry combined with scanning
electron microscopy as a supplement has been the most popular approach to
study the soil fabric (Monroy, 2005; Delage and Lefebvre, 1984; Romero, 1999).

Recently, new advanced experimental methods based on radiography and
computed tomography (CT) have been used to evaluate the structure and the
physical and mechanical properties of geomaterials in different fields. Radio-
graphy allows evaluating the soil texture and disturbance; while, CT allows
reconstruction of a three-dimensional volume of the sample by assembling two-
dimensional radiographic images taken at different angles.

The most commonly used method of this kind is X-ray C'T and radiography
(see e.g. Otani, 2006). X-ray radiography has been used to evaluate the physical
properties of geomaterials in different fields. Peyton et al. (1992) and Zeng et al.
(1996) used the X-ray radiography to evaluate the macro pore size and bulk
density in undisturbed samples of soil. The method has been also used to assess
the distribution of pores in samples of sand and cemented clays (Anderson and
Hopmans, 1994). X-ray tomography has been used to evaluate the evolution of
density and pore structure in soils and the crack propagation in rocks (Desrues
et al., 1996; Alshibli et al., 2000; Wong, 2000; Otani et al., 2000). A discussion
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of using X-ray CT for geotechnical engineering is given in Otani (2006).

Neutron radiography and tomography is another method of this type which
has been recently used for geomaterials. The main advantage of neutron radio-
graphy to X-ray is its high sensitivity to hydrogen-containing materials and its
ability to track the water in soil. Neutron radiography has been used to image
both fluid infiltration into dry sand and steady state flow fields with the purpose
of measuring wetting front velocity and hydraulic conductivity of the medium
(Deinert et al., 2002). Combination of neutron radiography and tomography
has been also used for some experiments in order to evaluate the influence of
initial moisture content and type of infiltrating fluid on the formation of prefer-
ential flow paths (Tullis et al., 1992). Neutron tomography has been also used
to study the variation of fluid saturation in sandstone samples and relate it to
the pore geometry (Solymar et al., 2003). In the joint study of the present
work, Carminati (2006) used neutron radiography and tomography in order to
study the water retention behavior and water flow in series of aggregates. As
it will be presented later, this technique is as well used in the present work for
non-destructive study of soil structure. Detailed description of the employed
method and the testing procedure are given in Chapter 5.

Each method of soil structure study has its own requirements and testing
condition. For example, MIP or SEM are destructive methods and their appli-
cation is limited to small samples. CT methods could provide morphological
information of larger samples with the price of higher costs and usually lower
resolution. As proposed by Mitchell and Soga (2005), the use of several methods
of fabric analysis may be appropriate in some cases in order to obtain informa-
tion of more than one type or level of detail.

2.5.2 Fabric evolution

In the case of structured double porosity soils, a few studies have been un-
dertaken to characterize the fabric evolution during the mechanical loading or
suction variations. One point of interest has been the fabric modifications pro-
voked by mechanical loading under saturated condition. Delage and Lefebvre
(1984) studied non-compacted Champlain clay fabric with mercury intrusion
porosimetry (MIP) and scanning electron microscopy. This material shows an
initial double porosity fabric. The results showed that during consolidation
only the largest pores collapse at a given stress increment. Small pores are
compressed only when all of the macropores have been completely closed by
loading. These results were confirmed by similar evidences in other experimen-
tal studies (Lapierre et al., 1990; Griffiths and Joshi, 1990).

Soil fabric is sensitive to suction increase, as evidenced by Simms and Yanful
(2001, 2002) who investigated the fabric of a compacted glacial till under differ-
ent suctions, from saturation up to a matric suction of 2500 kPa. They showed
that increase of suction brought about a progressive rise in the microporosity
associated with macroporosity reduction. They modified the measured pore
size distribution for pore trapping effects and proposed a model for shrinkage
of pores and evolution of pore size distribution due to drying.
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Figure 2.17: Fabric modification due to mechanical loading and suction variations:
(a) suction increase at constant net vertical stress 10 kPa, (b) mechan-
ical loading under saturated condition (Cuisinier and Laloui, 2004)

Cuisinier and Laloui (2004) studied the combined effects of suction and
mechanical loading on the fabric of unsaturated aggregated silt. Figure 2.17
shows the pore size distribution of the tested samples at different levels of applied
net stress and suction. The results confirmed that mechanical loading affects
mainly the macropores. They also showed that suction increase is associated
with decrease in the volume of macropores and a slight increase in the volume
of micropores.

However, only a few other authors (Al-Mukhtar et al., 1996; Qi et al., 1996),
have studied fabric modification during the mechanical loading of an unsatu-
rated soil. These authors evaluated the influence of suction on deformation
process for remoulded Boom clay, which is a swelling material, and a synthetic
model clay named Na-Laponite. Their interest was essentially focused at the
clay particle level and the initial fabric of these materials was very different from
the double porosity encountered in natural or compacted soils, as the materials
they used were initially remoulded. Hence, it is difficult to extrapolate their
conclusions to natural or compacted soils with a double porosity fabric.
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An interesting issue in the mechanical behavior of soils with double poros-
ity, is the relation between the deformation at the pore scale and macroscopic
response of the soil. In soils with double porosity, the deformation should be
considered as a combined phenomenon at macro- and pore scale. Deformation
of aggregates could induce total deformation of the soil. Experimental evi-
dence on the pore scale deformation of soils is scares in the literature; therefore,
description of deformations at pore scale has remained mainly based on the
assumptions rather than experimental evidences. In the development of consti-
tutive models for unsaturated expansive soil, the microstructural deformation
has been assumed to be totally reversible (see e.g. Gens and Alonso, 1992; Lloret
et al., 2003; Alonso et al., 1994; Sanchez et al., 2005). However this assumption
would appear to be far from reality for soils in which soil structure could be sub-
jected to degradation during a hydro-mechanical process. Understanding of the
relationship between fabric evolution and the macroscopic response of the soil
is, however, limited and requires further studies combining fabric investigations
and a hydro-mechanical evaluation of the soil behavior.

2.6 Constitutive modeling

The mechanical constitutive equations provide the relation between the stresses
and strains of the material. They are of great importance in completing the gen-
eral formulation for solution of mechanical problems. The mechanical behavior
of reconstituted saturated soils could be successfully described with constitutive
models within the framework of elasto-plasticity. Following the pioneer devel-
opments of Original Cam-Clay, OCC (Roscoe and Schofield, 1963) and Modified
Cam-Clay, MCC (Roscoe and Burland, 1968), elasto-plastic constitutive models
of saturated reconstituted soils has been widely evaluated.

However, these models are classically developed for two extreme cases of fully
saturated or dry condition. Therefore, they cannot be applied, without modifi-
cation, to the wide intermediate range of partially unsaturated soils. Moreover,
in the classical constitutive models, soil is considered as a homogeneous media,
and usually no specific consideration is made for the influence of soil structure
on its behavior.

An appropriate constitutive model for unsaturated structured soil therefore
requires new developments or improvements of the existing models, through
which, the combined effects of partially saturation and soil structure on the
mechanical behavior are included.

2.6.1 Effective stress

The mechanical constitutive study of multi-phase porous media requires, in the
first step, the determination of the effective stress in solid skeleton. Expressed as
a function of the externally applied stresses and the internal fluid pressures, the
effective stress converts a multi-phase, multi-porous media into a mechanically
equivalent, single-phase, single-stress state continuum. It enters the elastic as
well as elasto-plastic constitutive equations of the solid phase, linking a change
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in stress to straining or any other relevant quantity of the soil skeleton (e.g. see
Biot, 1941; Rice and Cleary, 1976; Loret and Khalili, 2000; Laloui et al., 2003;
Khalili et al., 2004).

Over the years, significant contributions have been made to the understand-
ing and evaluation of the effective stress in porous media. Notable examples
include the work of Terzaghi (1936), Biot (1941), Skempton (1961), and Nur
and Byerlee (1971) for saturated single porosity media, and the contributions
of Bishop (1959), Hutter et al. (1999), Loret and Khalili (2000), Laloui et al.
(2003), and Khalili et al. (2004) for single porosity media with two immiscible
fluids.

Significant differences of opinion exist in the literature for the definition
of the effective stress in porous media with two or more saturating fluids.
Houlsby (1997) defines effective stress as that capturing the energy dissipa-
tion/accumulation within the system. Wheeler and Sivakumar (1995) required
effective stress to solely control the elastic as well as the elasto-plastic responses
of the system. Fredlund and Morgenstern (1977) define effective stress as that
controlling the state of the sample.

As a general definition and as proposed by Khalili et al. (2005), the effective
stress could be simply defined as that emanating from the elastic (mechanical)
straining of the solid skeleton:

e =C: 0 (2.5)

in which €° is the elastic strain tensor of the solid skeleton, C° is the drained
compliance matrix, ¢’ is the effective stress tensor and the symbol ‘" denotes
the inner product of tensors with double contraction. Within this concept, no
further restriction is placed on the definition of the effective stress. In terms
of externally applied stresses and the pressure of the fluid constituents, the
effective stress (in the total sense) is expressed as:

o'=0- Z QDo (2.6)

where o is the total stress tensor, a, is the effective stress parameter, py is
the phase pressure, subscript o« = 1,...n represents the number of fluid phases
within the system, and I is the second order identity tensor.

The effective stress parameters can be evaluated based on an elastic strain
equivalency analysis satisfying Equation (2.5) (e.g., see Nur and Byerlee, 1971;
Khalili and Valliappan, 1996), or from a thermodynamic analysis (e.g., see Hut-
ter et al., 1999; Hassanizadeh and Gray, 1990; Gray and Schrefler, 2007).

The well know principle of Terzaghi’s effective stress for saturated soils
(Terzaghi, 1936) reads:

o' =0—p,l (2.7)

As an extension of the principle of Terzaghi’s effective stress for saturated

soils, a general expression of effective stress for unsaturated soils was proposed
by Bishop (1959):
o' = (0 — pul) + X(Pa — pu)I (2.8)
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with p,, and p, being the water and air pressure respectively. Parameter y in this
relation is called Bishop’s parameter and it is linked to the degree of saturation
which varies between 0 and 1. Jennings and Burland (1962) experimentally
evaluated the relation between y and degree of saturation, S,, and reported
that this relation might significantly change in different materials.

The physical interpretation of the Bishop’s parameter has been discussed
by several authors. Khalili and Khabbaz (1998) and Loret and Khalili (2002)
argued that this parameter is a physical variable that should be described using
the current suction and the air entry value of the material. However, on the basis
of thermodynamic analysis, this parameter is found to represent the volumetric
ratio of liquid to fluid phase and therefore it is equal to degree of saturation
(Hutter et al., 1999; Gray and Schrefler, 2001). Adapting this approach, the
generalized effective stress for unsaturated soils reads:

0’ = (0 — poI) + S (pa — pu)I (2.9)

where S, is the degree of (liquid) saturation.

The proposed expressions of effective stress in Equations (2.8) and (2.9) are
appropriate for soils with single porosity, namely having a single pressure field
for each fluid. As presented in this study, many natural geomaterials exhibit
two scales of porosity, with micropores surrounded by macropores. In addition
to showing two scales of porosity, the void space in these materials is frequently
filled with more than one fluid and requires multi-phase constitutive modelling.

A substantial amount of work has been undertaken in the area of double
porous media since the pioneering work of Barrenblatt et al. (1960) and Bar-
renblatt (1963). Effective stress parameters have been proposed for saturated
double porous media by Khalili and Valliappan (1996) and Callari and Federico
(2000). However, the use of the effective stress in unsaturated double porous
media has rarely been investigated (Pao and Lewis, 2002; Khalili et al., 2005).

Due to its relevance with the current study, the work of Khalili et al. (2005)
is briefly described here. To derive the effective stress parameters for an unsat-
urated double porous medium, like fissured clay, an elementary volume of the
medium is considered to be subjected to an isotropic external mean stress, @,
and four internal fluid pressures, py, p2, p3, and p, representing the pore-water,
pore-air, fissure-water and fissure-air pressures, respectively. To obtain the vol-
umetric strain of the element, the stresses acting on the element are decomposed
into five loading cases, as shown in Figure 2.18.

Case I corresponds to an external isotropic stress of 7; = @ —p4 with internal
fluid pressures maintained at a reference value of zero. Case II corresponds to
an equal pore-water, pore-air, fissure-water, fissure-air and external isotropic
pressure of pressures of ;7 = p;. Case III corresponds to an equal fissure-water,
fissure-air and external isotropic pressure of 7 = py — po and zero pore-water
and pore-air pressures. Case IV corresponds to an equal fissure-water, fissure-
air, pore air and external isotropic pressure of m; = ps + p3 — p1 — ps and
zero pore-water pressure. Finally, case V corresponds to an equal fissure-air,
pore-air and external isotropic pressure of my = ps — p3 and zero pore water
and fissure-water pressures.
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Figure 2.18: Stress decomposition of unsaturated double porous media (Khalili et al.,
2005)

Following and extending Nur and Byerlee (1971) and Khalili and Valliappan
(1996) analysis to unsaturated double porous media, Khalili et al. (2005) wrote
the volumetric elastic strain of the elementary volume ¢ as:

& = &y 1 E&un + Eurn T Euavy t E) (2.10)
in which
Eor) = (0 — pa) (2.11a)
Eorry = Cs(P1) (2.11b)
Eyrrr) = Cp(pa — p2) (2.11¢)
En(rv) = Crp(P2 + P3 — D1 — P4) (2.11d)
€yv) = Cmyp(Ps — P3) (2.11e)

where c is the underlying drained compressibility of the double porous medium,
cs is the compressibility of the solid, ¢, is the underlying drained compressibility
of the porous blocks, ¢,,, is the secant compressibility coefficient of the porous
blocks with respect to a change in the pore-matric suction, s, = p» — p1, and
Cmfp 15 the secant compressibility coefficient of the double porous medium with
respect to a simultaneous change in matric suction in pores and fissures, sy = s,
with sf = ps — ps.

On the other hand, according to the effective stress principle, the volumetric
strain, €5, can be calculated as (Egs. 2.5 and 2.6):

€6 = c(T — oupr — Xgpa — X3Pz — KuPy) (2.12)
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Comparing Equations (2.10) and (2.12) and imposing the incompressibility
of solid grains (cs = 0), the effective stress equation is written as,

0’ =0 — (aypa + o pa)I + o, xpspL + gy psyl (2.13)

in which, o, and s are the conventional effective stress parameters for saturated
double porous media (Khalili and Valliappan, 1996); and, x, and x; are the
unsaturated effective stress parameters of the pores and fissures, respectively:

o, =2, ap=1--"2 2.14
P C7 f c ( a)
Cmp Cmf
=y, =1 2.14b
Xp =75 X - ( )

cy = ¢ — ¢, represents the contribution of fissures to the overall compressibility
of the double porous medium, and ¢,y = Cnfp — Cmp is the compressibility
coefficient representing volume change in the fissures due to a change in fissure
maftric suction, sy = ps — pa.

The physical interpretation of parameters of Equation (2.13) is that x, and
X s scale/average air and water pressures in the pores and fissures to equivalent
pore-fluid and fissure fluid pressures; and, o, and & quantify the contribution
of these equivalent pressures to the effective stress of the double porous medium.

2.6.2 Constitutive modeling of unsaturated soils
2.6.2.1 Modeling approaches

The validity of the Bishop’s effective stress and single effective stress framework
for constitutive modeling of unsaturated soils was soon questioned by Jennings
and Burland (1962). They reported that the phenomenon of wetting collapse
observed in unsaturated soils cannot be explained in this framework. During
the wetting, suction and subsequently the effective stress in unsaturated soil
decreases. In the single effective stress description, this reduction should be
followed by swelling of the material. However, experimental observations shows
the inverse phenomenon which is the plastic compression (Jennings and Burland,
1962; Matyas and Radhakrishna, 1968).

Following the considered limitations of the single effective stress framework,
other approaches involving multiple stress variables were proposed as a new con-
stitutive framework (Cleman, 1962). Matyas and Radhakrishna (1968) adopted
two independent stress variables and state surfaces to describe the volume
change in unsaturated soil. Fredlund and Morgenstern (1977) proposed that any
two of the three possible state variables, namely total stress (o), air pressure
(pa), and water pressure (p,) can be used to define the stress state. Therefore
the following combinations would be possible:

[O-neh 5] [(0- - pr)v 5] [(0- - pr>7 o-net]
where s is suction given by Equation (2.2) and 0, is net stress defined as

Opet = 0 — paI (215)
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Figure 2.19: Loading-Collapse curve (a) BBM (Alonso et al., 1990) in suction vs.
net mean pressure plane (in Vaunat et al., 2000), (b) model of Wheeler
et al. (2003) in modified suction vs. generalized effective stress plane

This proposition is based on the null tests in which each variable of the
combined stress pair is increased by the same amount. Results of these experi-
ments show that, under such a condition, there is neither tendency for volume
change of the sample nor change in degree of saturation (see e.g. Tarantino and
Mongiovi, 2000).

Increasing interest in understanding and modeling the mechanical behavior
of unsaturated soils led to development of a new generation of constitutive
models within the framework of elasto-plasticity. One of the first models of this
kind was proposed by Alonso et al. (1990), known as Barcelona Basic Model
(BBM). The model was formulated using net stress and suction. The yield
surface corresponds to the MCC model which increases in size when extended
to the unsaturated domains. An explicit relation was proposed to incorporate
this rate of increase. In the space of suction versus mean net pressure, the
proposed relation corresponds to a curve, called Loading-Collapse (LC) curve
as depicted in Figure 2.19(a), which represents the increase of apparent net
mean preconsolidation pressure with suction. The elastic domain is also limited
by yield limit related to suction increase (SI). This limit is determined by the
maximum previously experienced suction.

The BBM model appeared to be capable of addressing the main features in
the mechanical behavior of unsaturated soils such as wetting-induced swelling
or collapse depending on the magnitude of applied stresses or the increase of
shear strength with suction.

During the recent years, several constitutive models have been developed for
unsaturated soils. In general, these models could be evaluated with respect to
the adopted stress framework. As proposed by Gens et al. (2006), three main
classes of models could be identified depending on the choice of stress used in
the constitutive equations. These are the models that have adopted, as stress
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variable, a general function of suction and a constitutive stress which is: (i) net
stress, (ii) net stress plus a function of suction and not of degree of saturation,
and (iii) net stress plus a combined function of suction and degree of saturation.

In the first class, e.g. the BBM and the model proposed by Wu et al. (2004),
the stress path could be easily represented. This is convenient in evaluating the
model with respect to experimental results. These models require an explicit
variation of apparent cohesion and critical state line with suction. More im-
portant, the use of these models is associated with difficulties in the transition
between saturated and unsaturated states.

In the second class, the expression of constitutive model includes suction but
not degree of saturation. Examples of such constitutive models are the models
developed by Geiser (1999), Loret and Khalili (2002), Modaressi and Abou-
Bekr (1994) and Russell and Khalili (2006). Although this approach provide a
more flexible transition between saturated and unsaturated states, this transi-
tion again involves some difficulties associated with the physical justification of
constitutive equations.

The constitutive stresses in the third class of models include both suction and
degree of saturation (Bolzon et al., 1996; Wheeler et al., 2003). Representation
of stress path in these models is rather complex and it requires data of water
content. However, transition from saturated to unsaturated state is smooth
and straightforward. The strength increase is often a natural consequence of
the adopted constitutive stress with no need for further explicit considerations.

When dealing with unsaturated soils in a hydro-mechanical process, the
degree of saturation could vary due to a combination of effects such as suction
variation or mechanically-induced volume change. However, this variation is
usually ignored in early constitutive models, e.g. the BBM, and this appears to
be a limitation of the model in reproducing the coupling between the mechanical
and water retention behavior of unsaturated soils. This coupling is of significant
importance if the constitutive stress depends on the degree of saturation.

Recent developments have been done to include in the constitutive models of
unsaturated soil, the coupling effects of mechanical and water retention behavior
(Vaunat et al., 2000; Wheeler et al., 2003).

The model proposed by Wheeler et al. (2003) adopts, as stress variables, the
generalized effective stress and modified suction defined as suction multiplied by
porosity (ns). The LC curve is simplified to a vertical straight line in the space
of modified suction versus the generalized effective mean pressure, as shown in
Figure 2.19(b). In addition to LC, two yield limits are introduced to incorporate
the hydraulic hysteresis and plastic deformations occurring during drying (SI for
suction increase) and during wetting (SD for suction decrease). The model was
found to be capable of addressing the main features in the mechanical behavior
of unsaturated soils.

2.6.2.2 Double structure model for unsaturated soils

As previously mentioned, double porosity fabric is a common feature in expan-
sive clays. It has been shown that these materials show significant swelling

37



Chapter 2

(a) (b) Expansion Compression
N accumulates  laccumulates
“""E-‘R-ARY upon cycles Iupon cycles
se
fD <+1» __inore?
ctio
ELEMENTARY Sy

85 PARTICLE
' ARRANGEMENT

Equilibrium state
for a large number

of cycles /
o : pl Py
fl / : St/c[,b » 1
) 1 ecreé'ss
Macroporosity I Micropores
> develops as a invade
result of drying macropores

Figure 2.20: Double strutcure model for expansive soils (a) Schematic representation
of the double structure model in the isotropic plane. (b) Interaction
function linking microstructural and macrostructural strains (Sanchez
et al., 2005)

strains that are strongly stress-path dependent and cannot be easily accommo-
dated by conventional elasto-plastic unsaturated soil models. Gens and Alonso
(1992) related this behavior to the double porosity fabric, a feature to be con-
sidered to achieve an appropriate constitutive model for these materials.

Alonso et al. (1999) proposed a conceptual model for double structure expan-
sive clays in which two levels of formulation had been presented: microstructure
model where the interactions at particle level occur, and macrostructure model
that accounts for the overall fabric arrangement of the material including ag-
gregates and macropores.

In the model proposed by Alonso et al. (1999), clay aggregates are assumed
to be saturated and, therefore, their behaviour is governed by saturated soil me-
chanics concepts. Moreover, deformations at microstructural level are assumed
to be reversible.

The macrostructure is governed by the BBM model in which the yield limit
increases with suction following LC curve. It is assumed that the macrostructure
does not influence the behavior of the microstructure; while, microstructural
deformation may cause irrecoverable strains in the macrostructure. Accordingly,
in addition to LC curve, two yield surfaces, namely SI and SD, are introduced
which represent the loci of the points from which irreversible strains on the
macrostructure due to microstructure start to occur (Fig. 2.20(a)).

The relation between the magnitude of increments of micro- and macrostruc-
tural irrecoverable strains are determined by interaction function given for suc-
tion increase and suction decrease as depicted in Figure 2.20(b). These func-
tions depend on the normalized distance to the macrostructural yield locus (LC)
which is considered to represent a measure of the density of the macrostructure.
Closer a soil state lies to the LC, denser and less collapsible the macrostructure.

Recently, Sanchez et al. (2005) formulated the model in the framework of
generalized plasticity (Zienkiewicz and Mroz, 1984; Lubliner, 1991) using the
concept of multi-dissipative materials.
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2.6.3 Constitutive modeling of natural bonded soils
2.6.3.1 Modelling approaches

In line with the experimental observations revealing the importance of soil struc-
ture effects on the mechanical behavior of natural bonded soils, improvements
of constitutive models for these materials have been proposed by making ex-
plicit consideration of soil structure and its degradation. The common idea in
the development of constitutive models for structured soils is to include soil
structure effects in a model which is already capable of describing the behavior
of reconstituted soil as a reference state.

Inclusion of structural effects in constitutive models of structured soils is
done by introducing a yield limit depending on soil structure. However, the way
it is implemented in the models seems to be different. The existing constitutive
models for saturated natural structured soils can be classified based on three
main approaches that will be birefley described below.

(i) Kinematic hardening and boundary surface plasticity: In this ap-
proach, the model is formulated within the framework of kinematic hardening
(Mroz, 1967) with elements of boundary surface plasticity concept (Dafalias,
1986). The material behavior is described at least with two yield surfaces: a
bounding surface and a bubble-type surface that moves with the current state
inside the bounding surface according to a kinematic hardening rule. This sur-
face separates regions of elastic and plastic response.

Recently some constitutive models for structured soils have been developed
in this framework (Rouainia and Wood, 2000; Kavvadas and Amorosi, 2000;
Baudet and Stallebrass, 2004). In structured soils, a third surface is usually
defined inside the bounding surface that corresponds to the behavior of recon-
stituted soil. The effects of structure in this models are usually simulated in
part by an increase in the size of the bounding surface defined in the model
which then decreases to that of the reconstituted soil at very large strains.

These models, in general, are advantageous in the way that they allow the re-
tention of some information concerning the recent stress history of the material
by introducing an extra yield surface or bubble. However, the main drawback
of these models is the complexity of the formulations and the geometrical as-
sumptions which are usually needed to derive the kinematic hardening rule.

(ii) Single yield surface with isotropic hardening. This approach is based
on the explicit introduction of soil structure effects within a single yield locus.
This is usually done by allowing the current size and location of the yield sur-
face to depend on the soil structure. Structure degradation are accounted for
by damage-type function which appear explicitly in the model formulation. Ac-
cordingly, the hardening modulus in these models has two components: one
stemming from the original model of reconstituted soil and the other from the
added terms of structure. Examples of constitutive models for bonded soils
developed following this approach are provided by Gens and Nova (1993); Oka
et al. (1989).
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The main advantage of this approach is the simple transition of the original
model to the structured model. This transition, in general, is not associated with
important added complexity in model formulation; therefore, it allows focusing
more on the rigorous consideration of structural effects with less concern about
the model complexity.

(iii) Damage-type approach. This approach is associated mainly with the
work of Liu and Carter (1999, 2000a) which has been further formulated us-
ing the disturbed state concept (Desai, 1974, 1995, 2001). In this approach
the structured soil is compared with reconstituted soil of the same mineralogy.
Structural effects are directly introduced through a mathematical relation be-
tween additional void ratio of structured soil over the reconstituted soil and
the current state of stress with respect to a reference value in oedometric or
isotropic compression curve. This relation is then used to describe the virgin
compression of the structured soil.

2.6.3.2 Representative models for saturated bonded soil

In this section, a review of the most representative models for bonded soils
will be presented. The following models have all been developed for natural
structured soil at the saturated state. These models and the equations through
which they incorporate the degradation of structures are summarized at the end
of this section in Table 2.1. Parameters of the equations given in this table are
defined in line with description of the models in the text.

Bubble model by Rouainia and Wood (2000). This model is based on
an existing extension of the Modified Cam-Clay (MCC) model (Roscoe and
Burland, 1968) for reconstituted soils to the framework of kinematic hardening
and bounding surface plasticity.

The model introduces three surfaces with the same shape and function as
the MCC yield surface (Fig. 2.21(a)). The structure surface acts as a bounding
surface and contains information about the current magnitude and anisotropy
of the structure. As plastic straining occurs, the structure surface tends to
collapse toward a third reference surface which passes through the stress origin
and represents the behavior of the reconstituted or completely remolded soil.

The elastic properties are assumed to be constant. The size and location of
the structure surface with respect to the reference surface are controlled by the
process of de-structuring. A scalar variable, r, which is the ratio of the sizes of
the structure surface and reference surface, represents strength components of
soil structure. The evolution rule for this variable is proposed to be a mono-
tonically decreasing function of both volumetric and deviatoric plastic strain
rates which are combined through a non-dimensionless scaling parameter (A in
Table 2.1).

The original model requires eight parameters and the de-structuration model
then introduces two further parameters: k, rate of loss of structure with damage
strain; and A, relative proportion of distortional and volumetric de-structuration.
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Figure 2.21: Kinematric hardening models for saturated structured soils: (a) Bubble
model for de-structuration of clays (Rouainia and Wood, 2000), (b)S3-
SKH model (Baudet and Stallebrass, 2004)

As an additional initial conditions, the center of the structure surface, de-
scribing the initial degree of structure and anisotropy of structure of the soil
should be specified in the new model.

S3-SKH model by Baudet and Stallebrass (2004). The S3-SKH model
(Sensitivity Three-Surface Kinematic Hardening) was developed based an ex-
isting constitutive model for reconstituted soils. The model uses the sensitivity,
defined as the ratio of the undrained shear strength of the natural clay to that
of the corresponding reconstituted soil (Terzaghi, 1944), in order to quantify
the structure.

The model introduces three surfaces: the history and yield surfaces lying
within a sensitivity (natural state) boundary surface (Fig. 2.21(b)). Following
Cotecchia and Chandler (2000), the sensitivity boundary surface is considered
to be larger than, but the same shape as the intrinsic surface assumed to be the
same as in the MCC model. The ratio between the size of sensitivity and equiv-
alent intrinsic bounding surfaces is measured by current sensitivity, indicated
by s (not to be confused with suction in the present study).

For the sake of simplicity, the model ignores material anisotropy as well as
any additional effects of soil structure on elastic stiffness. Plastic deformations
are assumed to follow the normality rule. De-structuring is described by change
in sensitivity through a decreasing exponential function of plastic strain where
volumetric and shear strains are of equal importance (see Table 2.1). The
proposed equation can be adjusted so that sensitivity reaches asymptotically
the value of unity or a stable value greater than unity for natural clays with
stable elements of structures.

The new parameters in the model are (see Fig. 2.21(b)): sy , the ultimate
sensitivity, which accounts for the stable elements of structure and k, a param-
eter that controls the rate of de-structuration with plastic strain. The other
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eight parameters remain the same as in the 3-SKH model, and are derived from
test data of reconstituted clay. The additional initial condition to be specified
is sg the initial sensitivity which represents the initial degree of structure.

MSS model by Kavvadas and Amorosi (2000). The MSS model is a
kinematic hardening model with two characteristic surfaces of similar shapes:
an internal plastic yield envelope (PYE) and an external bond strength enve-
lope (BSE) corresponding to material states associated with appreciable rates
of structure degradation. The preconsolidation pressure is considered as a pa-
rameters unifying the stress history and the bond strength effects which controls
the size of the BSE

The model can account for anisotropic bond development. Structure degra-
dation is assumed to occur with plastic strains. Both volumetric and deviatoric
structure degradations are directly and separately introduced in the hardening
rule through an exponential damage-type form equation with a different set of
rate controlling parameters for each component (see Table 2.1). The model
follows an associated flow rule.

The MSS model requires eleven parameters, four of which control the vol-
umetric and deviatoric structure degradation and 3 are parameters control
anisotropic characteristics of the proposed model. The remaining parameters
correspond to the reconstituted properties. There is also an optional struc-
ture parameter that controls the steady-state deviatoric structure degrada-
tion/hardening. The determination of the initial state of the material involves
two additional variables compared to MCC: position of the center of the BSE
controlling the primary structure anisotropy and position of the center of the
PYE controlling the secondary anisotropy.

Conceptual model for bonded soils by Gens and Nova (1993). Gens and
Nova (1993) presented a conceptual base for constitutive modeling of saturated
bonded soils and weak rocks. They discussed that the existence of a certain
degree of bonding can manifest itself by the fact that the point representing the
state of the material in the compression plane (e — Inp') in Figure (2.22(a)) is
located to the right of virgin isotropic consolidation line AA’, at a point such
as B. At a given value of p/, this materials exhibits a higher void ratio in
comparison with unbonded soil (Ae). The model uses, as the starting point,
a constitutive law for unbonded material which will be modified according to
the magnitude of bonding. The modification is made by allowing the current
size of the yield surface to depend on the amount of de-structuring. The ratio
of the sizes of the current yield surface (surface C in Fig. 2.22(b)) and the
yield surface corresponding to unbonded material (surface A) is defined to be
a general function of structural variable b (p.o/p. = 1 + b, see Fig. 2.22(b)).
The soil structure variable, b, changes through the volumetric and deviatoric
effects following a general evolution rule. Similar expressions could be proposed
to link p; to p. in Figure 2.22(b). The structure degradation is assumed to
be associated with both plastic and volumetric strains (see Table 2.1 for the
equations).
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VOID RATIO, e

Figure 2.22: Conceptual model proposed by Gens and Nova (1993): (a) virgin
isotropic consolidation lines for materials with different degrees of bond-
ing, (b) successive yield surfaces for increasing degrees of bonding

Once the modification of yield surface is done, the model could be considered
as an elasto-plastic hardening model with a new yield surface for which the
model elements such as hardening law or plastic multipliers can be obtained
in the usual manner. However, these elements are in general controlled by two
effects corresponding to unbonded material on one hand and the soil structure
on the other hand. For instance, the hardening modulus is a combination of
two terms: one of them being related to the original model and representing
the unbonded material hardening (or softening) and the other arising from the
softening of material due to structure degradation.

Model for bonded geomaterials by Nova et al. (2003). Nova et al.
(2003) presented a general constitutive framework for describing the mechani-
cal behavior of a bonded geomaterial subjected to mechanical and/or chemical
degradation. The basis of the model is similar to the conceptual model of Gens
and Nova (1993). For the sake of simplicity, they assumed that degradation,
whatever its cause may be, affects internal variables only and not other material
properties, e.g. elastic moduli or friction angle. They assumed that the material
behavior can be considered as isotropic and they formulated the model in the
framework of isotropic hardening plasticity.

The yield surface in this models is obtained by simple modification of the
yield surface of reconstituted soil. The modification is introduced by allowing
the yield surface to increase in size and to acquire some tensile strength due
to bonded structure. The size of the yield surface is controlled by the internal
(hardening) variables describing the effects of loading the previous (mechanical
and non-mechanical) loading history which includes the structure effects.

The degradation of inter-particle bonds is considered to occur for both me-
chanical and non-mechanical effects, like grain rearrangements or chemical dis-
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solution. The bonding degradation in this model is linked to the occurrence of
plastic strains. Hence for the internal parameter, p,,, defined as p,, = peo — Pe
in Figure 2.22(b), an evolution equation as a function of both volumetric and
deviatoric plastic strains is proposed for mechanical degradation (see the equa-
tion in Table 2.1. In this equation, two material parameters p,, and &,, control
the rate of mechanical degradation of bonding.

Model of structured soils by Liu and Carter (1999). This approach,
associated mainly with the work of Liu and Carter (1999, 2000a), uses a direct
introduction of structural effects into the model formulation by means of an
explicit mathematical relation. In this approach, the development of the model
begins in the oedometric (or isotropic) compression plane (Fig. 2.23). The ini-
tial yield limit of structured soil and the excess void ratio of structured soil
over reconstituted soil at this yield limit are considered as parameters of struc-
tured soil. As a starting point, an equation for the virgin compression curve
of structured soil dependent on these parameters is proposed. This equation
is a mathematical relation expressing the value of decreasing excess void ratio
of structured soil non-linearly proportional to the ratio of current pressure over
the initial yield limit. The parameter of non-linearity, so-called de-structuring
index, represents the rate of structure degradation.

Liu et al. (2000) used an equation of this kind to model the compression of
structured soils in a mathematical framework using the disturbed state concept
(Desai, 1974, 1995, 2001) with D, in Table 2.1 being the disturbance function.
In a later work, Liu and Carter (2002) used the proposed equation to develop
formulation of an elasto-plastic model for structured soil. They used the incre-
mental form of this mathematical relation to define the volumetric strains. The
obtained relations for volumetric strains are then subjected to a direct modifi-
cation in order to include the effects of structure degradation due to deviatoric
effects. Deviatoric strains are then deduced according to the flow rule. The
model uses a strain hardening rule as in modified Cam-Clay model.

The model provides a simple mathematical way of reproducing the behav-
ior of structured soils. The main limitation of this method, when used in an
elasto-plastic model, is the fact that it uses an interpolation function between
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structured and reconstituted soil which directly links the void ratio to the mean
effective stress without considerations of elasto-plastic mechanisms.

2.6.3.3 Extension of models for unsaturated bonded soil

The constitutive modeling of the unsaturated natural (cemented) soils has been
discussed by Alonso and Gens (1994). They reported that in cemented soils,
suction influences both the soil matrix and the strength of the bonds. They
adapted the conceptual model of Gens and Nova (1993) incorporating the suc-
tion effects in unsaturated soils. They used the BBM model (Alonso et al., 1990)
as the reference model for unsaturated reconstituted soil. The suction-induced
hardening due to capillary effects in reconstituted soil (Ap®) is represented by
LC, (loading-collapse) curve in Figure 2.24 where p is net mean pressure.

The yield limit given by LC, is then extended due to bonding effects accord-
ing to the model of Gens and Nova (1993). This yields the curve LC,s where
Ap;, corresponds to capillary effects as in reconstituted soil and bonding effects.
They proposed to model the additional effects of suction on the strengthening
of the bonds by introducing the soil structure parameter, b in the model of Gens
and Nova (1993), to be dependent on suction as presented in Table 2.1. The
proposed modification corresponds to the LC curve LCy, the difference of which
with LCys (Ap,, i.e. hatched area in Fig. 2.24), represents the additional effects
of suction of bondings.

Leroueil and Barbosa (2000) investigated the combined effects of fabric,
bonding and partial saturation on yielding of soils and proposed a general model
of yielding (GFY for Given Fabric Yielding) which would apply to saturated or
unsaturated, and structured or non-structured soils. The yield curve corre-
sponds to a given soil fabric and bonding. Consequently, any change in the soil
fabric or the bonding effects could alter the properties of the yield curve such
as size, anisotropy effects and the induced-cohesion.

DESTRUCTURED) s
BONDED [ DESTRUCTURED BONDED
| | | 1 i . ' '

iAp‘i

Figure 2.24: Yield limits under isotropic condition for unsaturated cemented soils
(Alonso and Gens, 1994)
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Table 2.1: Constitutive models for bonded soils

Model

Type*

De-structuring rule

Damage parameter

Saturated bonded soils

Bubble Model
Rouainia and Wood (2000)

(i)

r=1+(ro—1)exp {7\:56:*}

de = \/(1 — A)deb? + Adeh?

S3-SKH
Baudet and Stallebrass (2004)

ds = —5E— (s — sy)de?

de? = \/deb? + deb?

MSS
Kavvadas and Amorosi (2000)

Volumetric ¢, exp(n,eb)ded
Deviatoric (04 — (qexp(nqeh)) deh)

p P
eb and ¢

Model for Bonded soils
Gens and Nova (1993)

b = boe~(h="o)

h=hy [|deb| + hy [ |de?]

Model for Bonded soils (i) dpm = —pmPm (|deP| + &, |del]) eb and €}
Nova et al. (2003)
DSC Compression model (iii) Dey=1+0 (%) P
Liu et al. (2000)

AN
Structured Cam Clay (iii) Ae; ( ;’,) P

Liu and Carter (2002)

Unsaturated bonded soils
Model of Bonded soils extended
for unsaturation effects

Alonso and Gens (1994)

(i)

b = b,e(h—ho)
by = bo + Ab(1 — e~9%)

h=h [ 1deb] + o [ |det]
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2.7 Summary and anticipated contribution

From the above-presented synthesis, it is understood that the influence of soil
structure on the soil behavior has been studied in four parallel fields dealing
with: (i) fissured clays and fractured rocks, (ii) agricultural and arable soils,
(iii) natural structured soils, and (vi) expansive or compacted clays. These are
summarized in Table 2.2.

In the first group, i.e. fissured clays and fractured rocks, the focus has been
placed on deriving the governing equations of flow and deformation in double
porous media mainly to solve the problems of consolidation with respect to the
fabric.

In the second group, i.e. agricultural and arable soils, the concept of double
porosity has been used to evaluate the influence of soil fabric on the water
transport and water retention properties of the soil. The joint research study
of the present work, realized by Carminati (2006), mainly addresses this field
of study.

In the last two groups, namely natural soils and expansive and compacted
soils, the influence of soil structure on the mechanical behavior has been evalu-
ated. Therefore, they are in closer relation with the present work.

Previous works done on the natural structured soils are mainly focusing on
the added strength of the soil due to inter-particle bonding effects. The stress-
strain response of these soils has been experimentally evaluated mainly under
the saturated condition. Change in the soil response during the loading has been
described with respect to the evolution of the soil structure and degradation of
the inter-particle bondings. However, the soil fabric and its evolution has been
rarely taken into account. Mechanical constitutive models proposed for natural
bonded soils are similar in most aspects. In general, these models quantify the
soil structure effects with respect to the added strength due to bonding. In
these models, structure evolution is usually linked to the occurrence of plastic
strains. However, to introduce the evolution rule, these models use ad hoc and
usually hypothetical equations. Apart from the mathematical developments,
the main difference between these models lies in the way they introduce soil
structure parameter and the corresponding evolution rules.

Table 2.2: Different fields involving the study of soil structure and/or its evolution

Material Field of study /
Focus / Structure evolution
(i) Fissured clays & fractured rocks Flow & consolidation /
Soil fabric / No consideration
(ii) Agricultural & arable soil Flow & water retention /
Soil fabric / No consideration
(iii) Saturated bonded soils Mechanical response /

Bonding / Explicit consideration
(iv) Unsaturated expansive or compacted clays Mechanical response / & water retention
Soil fabric / No consideration
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In the case of expansive or compacted clays, mechanical behavior has been
evaluated with respect to aggregated microstructure for both saturated and un-
saturated states. Study of stress-strain response under unsaturated states has
been often accompanied by the study of water retention properties. In these
works, no evidence of inter-bonding effects has been reported, and instead, the
emphasis has been placed on the influence of double porous fabric on soil re-
sponse. The constitutive models proposed for unsaturated expansive soils use
the concept of double porous fabric to address the extra features of behavior
linked to the soil structure. These models, however, do not explicitly consider
the evolution of soil fabric during a loading process. Moreover, the mechani-
cal response and the water retention properties are teated separately and the
coupling link is usually missing.

From this summary, it is realized that concurrent study of inter-particle
bonding and soil fabric effects on the mechanical response, specially under un-
saturated conditions, is still far from being well understood. Hence, there is
room for further investigation of the combined effects in material where both
effects are present. Examples of such materials are aggregated soils. In the ag-
gregated soils, the aggregates are often separated by large inter-aggregate pores.
The existence of large pores and open fabric depends on the size and strength
of aggregated particle assemblages; and, the aggregates themselves are formed
as a result of inter-particle bonding.

The present study deals with unsaturated aggregated soil as a structured soil
with a double porosity. For sake of simplicity, from now later on, structured soils
refers to aggregated soils unless otherwise stated. The present study looks to the
stress-strain response and water retention properties of unsaturated aggregated
soils with respect to the soil structure effects.

The main contribution of this work is to address the inter-particle bonding,
fabric and partial saturation effects in a single framework. It uses a multi-scale
experimental approach to characterize the material behavior with respect to soil
structure and its evolution during mechanical loading or drying-wetting process.
The experimental results are then used to propose a mechanical constitutive
model coupled with water retention properties for unsaturated structured soils
with explicit consideration of soil structure evolution.
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Hydro-mechanical formulation
for double porous soil

The hydro-mechanical study of porous media requires, in the first step, the
development of field equations governing flow and deformation in the mate-
rial. Hydro-mechanical models of unsaturated soils and the related governing
equations are well established by different authors (see e.g. Laloui et al., 2003;
Collin et al., 2002). However, when soils with double porosity are concerned, the
model formulation should be adapted to the double porous media. This chapter
presents the formulation of a model for double porous media in a general ther-
modynamically consistent framework to which different mechanical constitutive
models can be incorporated. The presented formulation is aimed to sketch the
theoretical framework and to highlight, from onset, the field variables concerned
in the experimental part of the study as well as the needed constitutive equa-
tions. First, the theoretical framework is defined and then the physical prop-
erties and phase relations in double porous media are presented. Subsequently,
the balance equations are introduced and the required constitutive equations are
presented in their general form. Finally, the general field equations are derived
from the combination of balance equations and constitutive equations.

3.1 Theoretical framework

3.1.1 Thermodynamic approaches

In the study of the mechanics of continuum multiphase porous media, three
general approaches can be distinguished. The first one, named here as Biot’s
approach, is a phenomenological approach associated with the early work of
Biot where the phases are not treated separately (definition of phases and con-
stituents will come at the end of this section). While, the two other approaches,
namely averaging and theory of multiphase mixtures, both use the concept of
volume fraction in order to consider each single phase of the multiphase system.
The choice of an approach to obtain the appropriate formulation requires the
knowledge of the characteristics of each approach. Therefore, these approaches
are briefly discussed next.
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Biot’s approach: The so called Biot’s approach is mainly based on the theo-
retical description of porous materials by Biot who studied different problems
of porous elastic bodies (Biot, 1941, 1956, 1972).

In this family of approaches, the description starts at the macro scale and
from the beginning it is assumed that the stress and other related concepts are
all macro scale concepts. They are formulated in a Lagrangian description with
respect to the kinematics of the solid skeleton. This means that in these theories,
special attention is paid to solid skeleton constituent. However, the balance laws
as well as constitutive equations are introduced without any distinction between
the constituents. The mass balance and momentum balance equations are given
for the whole porous medium. Recently, the Biot’s theory has been extended
by Coussy (1995) to a modern thermodynamic consistent framework.

Averaging approach: The averaging approaches are named also as hybrid
mixture theories or more often continuum theory of materials with micro struc-
tures (Bedford and Drumbheller, 1983; De Boer and Ehlers, 1988).

In these approaches, two geometrical scales are defined: microscopic scale
corresponding to the pore level and macroscopic scale corresponding to the
whole domain of porous media. At the macroscopic scale, it is assumed that
each phase is a continuum that fills up the entire domain and to which the
averaged variables are assigned. A representative elementary volume (REV)
which always, regardless of its position in the domain, contains both solid and
pores is considered to obtain the average values of variables. The size of REV
should be such that the parameters representing the distribution of solids and
pores within it are statistically meaningful (Bachmat and Bear, 1986).

The development of macroscopic field equations starts from a microscopic
description and it is done by use of averaging procedures. Conservation laws are
introduced at microscopic scale. In most of these approaches, assumptions are
made about the microscopic behavior and constitutive equations are introduced
at this scale (see e.g. Whitaker, 1986). The resulting field equations describe the
considered phenomenon at the microscopic scale. Using different averaging rules
(Bachmat and Bear, 1986), these equations are then averaged over suitable time
and space segments to derive an averaged or macroscopic set of field equations.
For this purpose different averaging methods are used that a discussion of which
is given in Kalaydjian (1987) and Nigmatulin (1979).

The main advantage of this method is that the information available at
microscopic scale are taken into account. However, these approaches suffer
from the fact that usually many assumptions are made before, during and af-
ter averaging that can impose restrictions to the method. Most often, ad hoc
assumptions are made to obtain the desired final form of equations. The latter
fact sometimes results in loss of generality that does not allow having a system-
atic development of formulations. Moreover in this approach, a REV must be
defined for each physical property, therefore a common REV for all properties
of the porous medium is unsure (Kalaydjian, 1987).

Improvements of these approaches have been proposed with the purpose of
minimizing the assumptions at microscopic scale and obtaining more systematic
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development procedures (Hassanizadeh and Gray, 1979b,a; Nigmatulin, 1979;
Marle, 1982; Kalaydjian, 1987). The improvements are mainly targeting the
averaging methods and the shift from microscopic to macroscopic scale. In the
improved approaches, fundamental principles, such as conservation laws are in-
troduced at microscopic scale, while constitutive equations are introduced at
macroscopic scale in the form of phenomenological equations. This procedure
allows the introduction of physical assumptions at the macroscopic level; mean-
while, maintains the connection between the two scales.

Theory of multiphase mixtures: In these approaches, named also as the
continuum theory of mixtures (Bedford and Drumbheller, 1983; De Boer and
Ehlers, 1988), the multiphase porous media is considered as a mixture of over-
lapping phases all being able to occupy the same region of space simultaneously.

The developments of balance equations in theory of multiphase mixture
starts by writing the local form of equations in their usual form for a single
continuum, except that some supply terms are also added to take into account
the interaction between the constituents. In this approach, the field equations
are obtained using the thermodynamics of immiscible mixtures. The develop-
ment starts at the macroscopic scale. The concept of volume fraction is used
to obtain the balance laws for single phase bodies at macroscopic scale. The
interaction between phases is taken into account by means of additional terms
for property exchange between the phases. Assumptions are made about the
macroscopic behavior of phases; and accordingly, constitutive laws are intro-
duced at macroscopic scale. In these approaches volume fractions are treated as
internal state variables and they appear in the constitutive equations (Bowen,
1980, 1982).

The advantage of this method is that the assumptions are kept minimum and
limited to the macroscopic scale. However, in the macroscopic description there
is no more direct connection with microscopic scale which can be considered as
a drawback of this method. The scalar definition of volume fraction restricts
the approaches to the case of isotropic pore structure (De Boer and Ehlers,
1988); while, the pore structures might be taken into account by introducing
some additional definitions in the tensorial forms (Kubik, 1986).

The choice of an appropriate approach to derive the governing equations
depends on the requirements of the problem in relation with features provided
by the approach. The main difference between the above mentioned approaches
is in the assumptions made during the developments. Opting for any of these
approaches, however, one might obtain more or less the same final formulation.

Coussy et al. (1998) showed that the macroscopic field equations derived by
averaging approaches can be reformulated in terms of measurable quantities in-
volved in the Biot’s approach. From a comparative study of Biot’s approach and
continuum theory of mixtures, Schanz and Diebels (2003) concluded that the
two approaches have the same structure and they differ mainly in the coefficients
of differential equations and their physical interpretation. A comprehensive re-
view of these approaches are given in Bedford and Drumheller (1983).
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In the present study, the approach of theory of multiphase mixtures is used
to develop the model formulation. This choice is made due to the fact that
this approach offers, in a relatively simple framework, possibilities to better
understand the interaction between the phases.

The soil is considered here as a multiphase porous material consisting of solid
particles and pores which vary in shape and size. Phase here denotes a portion
of matter with smoothly varying physical properties and chemical composition
which are separated from one another by well-defined boundaries. This refers
to solid, liquid, and gas phases in porous media. In general, each phase might
be a mixture of different identifiable constituents (or species); e.g., solid phase
in soil might consist of different minerals and the gas phase might include dry
air as well as water vapor.

In soil mechanics, the soil mixture is called saturated, implying that the liquid
fills the entire pore space, or unsaturated, provided the pore space is partly
filled by liquid and partly by gas. However, in earth science and multiphase
literature, a mixture is called saturated only if the entire pore space is filled by
fluid (gas or liquid). According to this latter definition, an unsaturated mixture
possesses a fraction of volume whose space is massless (Ehlers, 1993; Wilmanski,
1995; De Boer, 1996; Wilmanski, 1996). Throughout this work, saturation and
the related terms refer, in general, to its first definition by soil mechanicians
unless explicitly stated otherwise. The terms physically saturated and physically
unsaturated, however, are used to make the distinction when addressing the
definition of saturation as it is given in the literature of multiphase mixtures.

Using the multiphase mixture theory, Hutter et al. (1999) developed the
thermodynamically-based mathematical formulation for saturated /unsaturated,
compressible/incompressible soils. Based on the results of the latter work,
Laloui et al. (2003) presented the coupled hydro-mechanical formulation of
three-phase porous media and the corresponding numerical validations. The
formulation was presented for porous media with single continuous porosity.
However, in the case of unsaturated soils with double porosity, where the as-
sumption of single continues pores is no more valid, the appropriate form of
formulation should be adopted. In the next section, the general thermody-
namic formulations of the theory of multiphase mixtures are first presented. In
the rest of this chapter, the emphasis is placed on the case of porous media with
double porosity and the governing equations are derived for unsaturated soils
with double porosity.

Notations and conventions: throughout this dissertation, tensor quantities
are identified by boldface letters. Symbols ‘-” and ‘:” between tensors of various
orders denote their inner product with single and double contraction respec-
tively. The dyadic (tensorial) product of two tensors is indicated by ®. I
denotes the second-order identity tensor. d(.) indicates the increment and
J(.)/0x is partial derivative with respect to a variable z. V(.) denotes spatial
gradient and V - (.) the divergence operator. The summation sign ), denotes
the summation over all possible values of a; while when summation is consid-
ered only over certain values of a, these values are specified in the subscript of
summation sign, for instance, Za:m denotes summation over a = 1 and 2 only.
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Throughout the entire dissertation, except for this chapter, the sign convention
is the usual convention of soil mechanics which is that compressions is positive.
In this chapter, however, the consistent sign convention of tension positive is
adopted from continuum mechanics.

3.1.2 General formulation

Consider a mixture of N > 2 constituents, each constituent of the mixture being
denoted with the subscript o. This mixture is considered as a sequence of bodies
Ay, all being able to occupy the same region of space simultaneously. Any ma-
terial particle of A, is identified by its position in some reference configuration,
X4. The motion of %, is a mapping,

X = Yo (Xg, ) (3.1)

that gives the spatial position, x, of a particle X, in the current configuration,
at any time, . Each constituent has its own kinematics and to each is assigned
its own function of motion x,. The velocity of constituent « is then defined as:

Oxa (X, 1)
=07 3.2
v 5 (3.2)
The displacement of particles in each constituent is also defined as:
Uy = Xo (Xo, 1) — Xy (3.3)

Any time-dependent field may be regarded either as a function of particle
and time or as a function of the position and time. If one regards time, ¢,
and X, as the independent variables, the material or Lagrangean description
is adopted; while one adopts the spatial or Eulerian description if time, £, and
position, x, are regarded as independent variables. Accordingly, material time
derivative is defined and related to the spatial time derivative as follows:

_ D0 _a)

()="p" =% +vaV() (3.4)

where v, is the spatial velocity of constituent. It will be seen later that material
time derivative is of great importance in obtaining simplified forms of balance
and field equations.

In the context of multiphase mixtures, where each constituent occupies a
volume, two different density functions can be defined, namely the intrinsic or
real density, po, relating the mass of constituent to its own volume and partial
or bulk density, p,, relating the same mass to the volume of whole mixture.
Constituent o is called incompressible or density preserving when py is constant.
Partial and intrinsic densities are related using the constituent volume fraction,
Ng:

ﬁ(x = n(XpO( (35)

where v
= — 3.6
Mo = 7 (3.6)
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with V, and V being the volume of constituent in the mixture and total volume
of the mixture respectively. It follows from its definition that volume fraction
reflects a certain local structure of the mixture. In a miscible mixture, no dis-
tinction is made between mixture volumes; therefore, the local structure has
no effect on the response of the mixture. While in an immiscible mixture, con-
stituent volumes can be locally distinguished. This would necessarily allow the
volume fractions to affect the response of the mixture (Bowen, 1980). According
to definition of saturation in the literature of multiphase mixtures, the volume
fractions of the various constituents add up to unity if the mixture is physically
saturated, but sum up to less than unity if it is physically unsaturated:

Z Ne = 1 ; physically saturated mixture (3.7)

Z Ne < 1 ; physically unsaturated mixture (3.8)

The general form of balance equations for each constituent is similar to the
balance equations for a single phase continuum with the exception that there
are some additional interaction terms. In a spatial description, the local balance
relations for the mass and linear momentum of a single constituent are:

0
Ry = a (ﬁ(x) +V. (ﬁcxvcx) — =0 (39)
My = % (PaVa) = V- (P Ve @ Vo + O) = Ppbo — Mg = 0 (3.10)

where p, is the partial mass density of the constituent, v, the spatial velocity of
constituent, ¢, the constituent mass interaction supply, b, the constituent body
force density, m, the constituent linear momentum interaction supply, and oy
the constituent Cauchy stress tensor.

An alternative form of balance equations can be obtained by adopting the
material description in which particle and time are regarded as independent
variables. Using constituent material derivative, blanace equations (3.9) and
(3.10) read:

D
Ry = —py+ PV Vo —Coa =0 (3.11)
D,
_ D _
My = p(xﬁva — V. 04— pyba+ cave —myg =0 (3.12)
t

From the axioms of balance for the mixture, it is required that the interaction
supply terms represent only the exchange among constituents (Passman et al.,
1984). Therefore they are constrained by the relations:

D =0 (3.13)
D my =0 (3.14)
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Balance equations for the mixture are obtained from the local balance equa-
tions of the constituents. In the above balance equations, it is postulated that
each constituent is subjected to two kinds of actions: the prescribed actions at
a distance, represented by density of body force, b,, and the contact actions,
represented by stress tensor, o,. The inner parts of the resultant actions on the
whole mixture are simply the sum of partial actions on constituents. However,
the mixture itself is considered as a moving body; therefore, total contact ac-
tions on the mixture should account for the motion of constituents with respect
to the mixture (see chap. 5 of Truesdell, 1984). The partial constituent and
total mixture balance equations are related through the following relations:

=37 (315)
pv = Zﬁav(x (3.16)
G—pV@V:Z((T(X—ﬁ(XV(x@V(X) (3.17)

pb=> 7p,by (3.18)

where p, o, v, and b are respectively density, stress tensor, velocity, and body
force density for the mixture.

It can be shown, from exploitation of entropy inequality, that the constituent
stress tensor is divided into two parts (see Bowen, 1989; Truesdell and Noll, 1992,
among others):

O = —na@el + O (3.19)

where the first term in r.h.s represents the partial constituent thermodynamic
equilibrium stress and &“ is the non-equilibrium part of stress or extra stress
(normal stresses positive in tension). The first term is governed by constituent
pressure and the second one results from the constituent motion. In a physically
saturated mixture, wy is the constituent thermodynamic pressure. Svendsen
and Hutter (1995) presented the general form of w, for both physically saturated
and unsaturated mixtures as follows:

o { Oy ; physically unsaturated mixture
.=

B« + @ ; physically saturated mixture (3.20)

where (3, is the constituent configuration pressure and w is a static pressure
acting on the mixture and common to all constituents.

Passman et al. (1984) interpreted the configuration pressure, in a saturated
mixture of particles suspended in viscous fluid, as a pressure representing the
forces acting at the interfaces between the particles and between the particles
and fluid. Therefore, Equation (3.20) means that in such a mixture the particles
experience both a hydrostatic pressure (that can be the fluid pressure) and the
forces acting at their interfaces. The specific interpretation of 3, will be different
for different mixtures and depends on the system of forces acting on the mixture.
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The difference between physically saturated and unsaturated cases in Equa-
tion (3.20) arises from the constraint of volume fractions. In a physically un-
saturated mixtures, constituent volume fractions are all independent variables
satisfying Equation (3.8). While when the mixture is physically saturated, vari-
able @ replaces one of the volume fractions which is lost as an independent
variable through the constraint of Equation (3.7).

The extra stress, (e)_m referred sometimes also to as dissipative part of stress
(Bowen, 1989), is the dynamic contribution of stress and arises from the motion
of constituent. In the mixture of solid and fluids, the solid extra stress is also
referred as effective solid stress (De Boer and Didwania, 2002; Ehlers et al.,
2003). Hutter et al. (1999) showed that for a saturated binary mixture of solid
and perfect fluid (water in that case) under condition of pressure equilibrium
(configuration pressures equal zero), the solid extra stress becomes the well
known Terzaghi’s effective stress. This point will be discussed later in this
chapter.

Similar to stress, the constituent linear momentum interaction supply, m,
consists of an equilibrium part, m,, corresponding to the thermodynamic equi-
librium condition and another part, named extra term, 1&1“, corresponds to
departure from equilibrium condition:

m, = my + M, (3.21)
The equilibrium part of linear momentum supply represents the body forces

acting on constituent o« due to all other constituents and arises from internal
constraints (see Passman et al., 1984). It follows from Equation (3.14) that:

D my =0 (3.22a)
D my =0 (3.22h)

Svendsen and Hutter (1995) showed that in an isothermal mixture of M com-
pressible and N — M incompressible constituents, where only evolution of con-
stituent density and volume fraction is concerned, this term reads:

=3 (,500) + 3 (hovmg) 839
B B

where
op — P
m, = (Jup — Eo) == (3.24a)
Pp
Mo = (0up — Eo) wp (3.24b)
and _
= Pa
§o = — 3.25
p (3.25)
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whre &, is the mass fraction of the constituent. In these equations, pg is the con-
stituent thermodynamic pressure, wp is given by Equation (3.20) for physically
saturated and unsaturated mixtures, and d43 denotes a Kronecker delta-type

function: ; 5
1 jifax=
dap = { 0 :if o B (3.26)

It is noteworthy that the equilibrium supply terms given by Equation (3.23)
satisfies relation Equation (3.22a) because of Equation (3.15).

The extra part of linear momentum supply, l’il(x, represents the non-equilibrium
condition. In an isothermal mixture, the extra term accounts for the motion

of constituents with respect to each other and it takes the form (Hutter et al.,
1999):

Ii"l(,c = %T%D (VB - ch) (327)
B
where
A (3.28)

is the drag coefficient between the two constituents o« and f3.

The formulation presented in this section provides the balance equations and
thermodynamic requirements for a general multiphase mixture. These equations
together with an appropriate set of constitutive relations allow deriving the
general field equations for the phenomena under study.

3.2 Mixture model of soil with double porosity

3.2.1 Double mixture approach

Unsaturated soil is a multiphase porous medium. It is a ternary mixture of solid
and fluids in which the pores are filled partly by gas and partly by liquid. In this
study, as well as most of geomechanical problems, the solid phase consists of soil
particles; and, the liquid and gas phases correspond to water and air constituents
respectively. The mineralogical variations in soil are not considered. Moreover,
mixture of different miscible species in the gas phase is represented by single
air constituent. Likewise, any compositional variation in liquid phase such as
dissolved air in water is ignored. It follows a one-to-one correspondence between
the phases and the constituents in the mixture. Therefore, the terms phase
and constituent are interchanged in the present study, e.g., solid constituent
represents the equivalent constituent within the solid phase. In the notation,
x = s,l, and g are used to refer to solid, liquid and gas constituent respectively.

In unsaturated soils with double porosity, the pores are divided into two
main classes of macropores and micropores. Associated with these two classes,
the fluid phases (gas and liquid) are each one divided into two levels. Particular
distinctions should be made between the fluids in macropores and micropores.
In aggregated soils where the liquid phase is water, aggregate boundaries enclose
the micropore water and separate it from free water in macropores. Although
there are some differences in the physical properties of fluids