Ecole Centrale de Nantes

EcoLE DOCTORALE

SCIENCES POUR L'INGENIEUR, GEOSCIENCES, ARCHITECTURE

Année 2013 - 2014 N°B.U.:

Thése de DOCTORAT

Spécialité : GENIE CIVIL

Présentée et soutenue publiquement par :

JIAN - HAN

a'Ecole Centrale Nantes

TITRE

ETUDE EXPERIMENTALE DU COMPORTEMENT MECANIQUE D’UNE ARGILE
FORTEMENT SURCONSOLIDEE SOUS CHARGEMENTS MONOTONES ET CYCLIQUES

JURY
Président : Irini DJERAN-MAIGRE Professeur- INSA Lyon
Rapporteurs : Mahdia HATTAB Professeur- LEM3 Université de Lorraine
Shuilong SHEN Professeur- Shanghai Jiao Tong University
Examinateurs : Jean CANOU Chercheur — Ecole Nationale des Ponts et Chaussées
Zhenyu YIN Maitre de conférences HDR- Ecole Centrale de Nantes
Pierre-Yves HICHER Professeur- Ecole Centrale de Nantes
Christophe DANO Maitre de conférences - Ecole Centrale de Nantes
Invité : Alain PUECH Directeur scientifique- Fugro GeoConsulting SA

Directeur de thése : Pierre-Yves HICHER

Laboratoire : Institut de Recherche en Génie Civil et Mécanique

Co-encadrant : Christophe DANO

Laboratoire : Institut de Recherche en Génie Civil et Mécanique N°ED...






Ecole Centrale de Nantes

EcoLE DOCTORALE

SCIENCES POUR L'INGENIEUR, GEOSCIENCES, ARCHITECTURE

Année 2013 - 2014

DOCTORAL THESIS

Subject : CIVIL ENGINEERING

Written by :
JIAN - HAN

Defenced on July 11 2014
at Ecole Centrale Nantes

TITLE

N°B.U.:

EXPERIMENTAL STUDY ON THE MECHANICAL BEHAVIOR OF A STIFF CLAY

President :
Reviewers:

Examinators :

Invitee :

SUBJECTED TO MONOTONIC AND CYCLIC LOADING

JURY
Irini DJERAN-MAIGRE Professeur- INSA Lyon
Mahdia HATTAB Professeur- LEM3 Université de Lorraine
Shuilong SHEN Professeur- Shanghai Jiao Tong University
Jean CANOU Chercheur — Ecole Nationale des Ponts et Chaussées
Zhenyu YIN Maitre de conférences HDR- Ecole Centrale de Nantes
Pierre-Yves HICHER Professeur- Ecole Centrale de Nantes
Christophe DANO Maitre de conférences - Ecole Centrale de Nantes
Alain PUECH Directeur scientifique- Fugro GeoConsulting SA

Thesis supervisor : Pierre-Yves HICHER

Laboratory : Institut de Recherche en Génie Civil et Mécanique

Co-supervisor : Christophe DANO

Laboratory : Institut de Recherche en Génie Civil et Mécanique N°ED...






Remerciements

Cette étude; initiée et financée par le gouvernéroeimois (CSC), a été réalisée a I'Institut
de Recherche en Génie Civil et Mécanique de 'EC€aatrale de Nantes et plus particulierement

au sein de I'Equipe « Matériaux hétérogénes et @éanique».

Ma profonde gratitude va au Directeur de cette et qui plus est Directeur de ma thése,
Monsieur Pierre-Yves HICHER, non seulement powdieil chaleureux, gu’il m'a réservé mais
également pour sa disponibilité, sa confiance eteseouragements de nature professionnelle et

privée.

Je tiens a remercier Monsieur Christophe DANOudexprime ici toute ma reconnaissance
de m’avoir suivi au cours de ces années, avec bapute disponibilité et de patience pour mon
étude expérimentale. Ses conseils avisés m'ont dé® plus profitables tant au niveau

professionnel que personnel.

Je remercie Madame Irini DJERAN-MAIGRE, d'avoir apté de présider mon jury, et a
Madame Mahdia HATTAB et Monsieur Shuilong SHEN, pawoir bien voulu rapporter mon
mémoire et porter un regard constructif sur leailaprésenté. Mes remerciements également a
Monsieur Jean CANOU et Monsieur Alain PUECH, pouwiaaccepté d'étre examinateur dans

mon jury.

Je remercie Monsieur Zhenyu YIN, Habilitation digir des recherches dans notre équipe,
pour ses conseils et son aide précieuse lors ciaraction de ma thése. Je n’oublierai jamais son

encouragement.

Mes remerciements vont a Monsieur Jean-Pierre REG®Igénieur d’études a I'Ecole
Centrale de Nantes et Patrick DENAIN, Techniciemyrpleur aide dans la mise en service des

différents dispositifs.

Chaleureux remerciements a mes collégues : Katid$SIN, Yvon RIOU, Zhen LI, Yinfu
JIN, Yao MA, Qian ZHAO, Menghuan GUO, Guangtao XQi, ZHU, Xiaoli Guo, Gang LI,
Qiyin ZHU, Yingjing LIU pour leurs compétences, tegentillesse, pour leur collaboration et pour

I'excellente ambiance qu’ils contribuent a créew!il® soient assurés de ma sympathie.




Avant de terminer, je voudrais dédier cette théseea parents, a mon petit frere et a tous les
membres de ma famille, qui m'ont apporté soutierertouragement au cours de ces quatre

années.

Que ceux que j'ai pu oublier soient aussi remerciés




Table of Contents

1 LITEIALUIE FEVIEW ...ttt ettt ettt e e e e e e e e e e e e s s s bbb b b ae e e e e s e e e s s e nnnnns 1
O )1 0T B PP 1
1.1 1 Clay fABFC ..o 2
22 2 T o T 11 o PP 3
I I N 1o 1 (0] o)V 4
1.1.4 States Of SITUCTUIE ....ccoi e 5
1.1.5 Degree Of StUrCIUIAtION..........uviiicccce et 7
1.2 One-dimensional compression behavior of SOIlS..........ccccciiiiiiiiiiicc e, 8
1.2.1 NOrmalizing fACIOrS.......cccoiiiii e s ettt e e e e eeeeeaeeeeaeeeeeeeseeas 9
1.2.2 Post-yield DENAVIOL.........ccoo i e e e e e e e e e 12
1.2.3 DESIIUCTUIATION ...eeeiiiiiiiiee ittt e e e 16
1.3 Factors affecting the tri-dimensional beha@bsoils ............cccccccvvvvniiiiiiiiiiiiiieen. 17
1.3.1 Strain rate effECtS......coii it 18
1.3.2 EffeCt Of fISSUIES ....cooiieee e e 20
1.3.3 Large Strain SIreNQtN...............w e eeessees s eereer e e e e e e e e 23
1.4 Behavior of clay subjected to cyclic [0adingS.........cccvvvvviviiiiiiiiiieeeeeecc, 26
1.4.1 Shape of the CYClIC 10adING ...... ..t cemmemeriiiiiiiiiiiiiieeeeeeee e 28
L1.4.2 SEESS IBVEI ... 30
1.4.3 FAIIUIE CIIEEITA . .cei ittt smmmemr ettt ee e 33
1.4.4 Post-cyclic static shear strength ....ccccceee oo 36
1.4.5 Influence of OCRS and 10ad freQUENCIES .. uuvureririiiiiiiiiiiiiiiiiieiieeeeieeeens 39
1.5 Structure of the theSiS............eii e 40
2 Physical properties of Merville Clay .......cccccvvvvveeieiiiiiiiiiiie e 43
pZ2% I o To [1 o3 o] o PP UOUPPPPRTR 43
2.2 Physical parameters of soil at Merville and gmfile.............oooeei e 45
2.2.1 Grain Size diStriDULION ............oo e 45

2.2.2 SPECITIC GraVilYBs ..eeeeeeeeeeeee e e 46




R R VAV = L (=] g o701 41 1=] o | AP 47

2.2.4 ATErberg lIMILS .........uuuuiieeiiiiiii bbb rreeeeeeeeeeeeeeeeeaeens 48

2.2.5 SOOIl Profil€..ceeeeeeieieieieeee e 50

2.3 Microstructure of Merville Clay .........ccccciiiiiiiiiiiiiiiiiiieereerreeee e 52
2.3.1 Computer tomography (CT) imagiNinNg....cceeeceeeeeeeeiiiiiiiiiiiiiiiiieeeeeeee e, 52

2.3.2 SEM @NAIYSIS...cciiiiiiiiiiiiiiiie e re e e e e e e e e e e e e e aaeeas 55

2.4 CONCIUSIONS ...ttt ettt ettt et e e e e s s bbbttt e e e s sammnee e e e s e bbbaeeeeaeeeeaannees 64
3 One-dimensional compression behavior of Meralgy .............cooovvvvvvviiinnnnnnn. 65

0 A [ 11 7o To [ e 1T o N TP PP T OPRTPPPR 65

3.2 Preconsolidation PreSSUNE..........oui i eneee e e e e e e e e e e e e e s 66

RS N @ =T o (0] 4= (=T g (=) A PP PUPT PR 67
3.3.1 Preparation Of SPECIMEN .......cviiiiiieieeeee e eeeeee e 67
3.3.2 Saturation of the SPECIMEN ... 69

3.3.3 Procedure of the 08d0OMELEr tESLS ... .ueerriiiriieiiiieiiieeeiieesieeseeeseresneseesnn. 10

3.4 ResuUlts Of 08dOMELEr TESES. ...t ceee ettt e e e bbb e e e e 71
3.4.1 Results of oedometer tests at low pressuedsle............evvevvveeiiiieiieiiieinievioees 71
3.4.2 Results of oedometer tests at high pressueds].............ccooeeviiiiiiiiiiiii e 77
3.4.3 Discussion about the teSt reSUIS. ...ccococceeviieieeee e 84

3.5 CONCIUSIONS ...ttt e ettt e e e e e et e e et e e aebe e e e e e e s s e anbbbaeeeaaeaaas 91

4 Behavior of Merville clay in triaXial teStS.oa..ovvvvveeiiiiicie e, 93

o R g 1o To [0 Tox i o o WU TP PRPT PP 93

4.2 Test program and ProCEAUIES ..........cuviiiieiiieiiiieeieee ettt a e eeeeee e 93
o I =T ] (0o | =T o PSP 94
4.2.2 GeNeral PrOCERUUIES. ......oii it e immmmmmm bbbt raaaaaeeaeeeaeeeeeas 95
4.2.3 SPECIMEN PreParatiON ............ooi it e e e e rrereeeeeeaaeaaaaaaeeas 95
ST 11U ] = 111 o PP PP PP PPPPPPPPPPN 97
4.2.5 CONSONAALION ...oooiiiiiiiiii e e e 98
A I 1= T= 1] o [RS] = Vo [ 98

4.3 Test results and analySiS..........oo oo 100

4.3.1 UU test results on natural samples and asalys............ccccccvvvvvieiiiiieienennnnn. 100




4.3.2 CIUC and CIUE test results on natural samatesanalysis.............c.cvevvveeeneeeee. 106

4.3.3 CT imagining and SEM analysis for a natuaahgle after shearing.................. 115
4.3.4 Strain rate dEPENUENCY .............. o eeeeeeeseerereeareerrrrrerrrrrrerrrerrraaaaaaaaa 121
4.3.5 Undrained shear strength aniSotroPY ...cccceeeeeeeeeeeeiee s 137
4.3.6 Failure envelopes under triaxial conditiQn a....cccovvvvvviiiiiiiiiiiiie, 142
4.3.7 Critical State iNe ... 145
O N 7o ] o [od [§ 1= (o] £ PP T PR OPRPPR 148
5 Behavior of Merville clay subjected to large nuenbf cycles ...........ccccccnee... 151
L0 A [ a7 To [ e 1T o H AP EPP PO 151
5.2 TSE PIrOGIAM ...ttt eeee e e e ettt e e e e e e et ettt s r e e e e e e eeeeeeeeeesbbb s e eeeeeeenees 151
5.2.1 Cyclic 10ading SNAPE .....cevvviiiiiiiieeeeeeiiiiiiiiitiiiereeeeee e ee e e e eeeaee e e e e e e 152
5.2.2 CYClIC SIESS IBVEL.....eeiiiiiiiiiit e 152
5.2.3 Shear strain based failure Criteria......c.c...cccuveeiiiiiiiiii e 153
5.3 Cyclic test on Natural SAMPIE ..........coueeeerrrrrrrrmiiiiiiiiiriiieiierrieeeeeerrereeeeeeeeeeeeeeeaeens 154
5.4 Cyclic test on reconstituted SAMPIES ...oeeeeemeveeeiiiiiiiiiiiieeieeeeee e 156
B5.4. L TESETESUILS ...t rere et e e e e e e e e e 156
5.4.2 Threshold value determination........ccccecceiieoiiiiiiiiiiee e 162
5.4.3 Diagram of cyclic and permanent shear SteeSSe.........uvvvereieriieieereeeeeeieeen 164
5.4.4 Analysis on the development of pore presgurimg cyclic loading.................. 168
5.4.5 Evolution of resilient modulus during cydb@ding ............ccccvvvvviiinnennnnnnn. 170
5.4.6 Post-cyclic recompression beNaVIOr ....cuuueeeiceeeeceicccic e 173
5.5 CONCIUSIONS ...ttt ettt e e s e e e e sennr e e e e e s e nnb e e e e e e e e s ana 175
6 ConclusionNs and PerspeCtiVES ........coooceeereeeiiiiiieie e 177
6.1 CONCIUSIONS ...ttt ettt ettt e e sttt e e e samnee e e e s e e s e e e e e e e s anns 177
8.2 FULUIE WOIK ..ottt ettt ettt et e e e e et bttt e e e e semnne e e e e e e anntbeeeaaeeenanns 180

R (=] (=] [T PR 183




Table of Figures

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Table of Figures

1.1 Structure of the main clay UNItS. ...ccccvveviiiiiiiiieeee e 2
1.2 Classification Of fabIiC. ...........eeeiiiiiiieee e 3
1.3 Undrained shear strength-liquidity index ffective stress-liquidity index relations
for Grande Baleine Clay. ... 6
1.4 Sensitivity Chart. .......cooo i 7

1.5 Comparison of natural and intrinsic stbtmindary surface showing increased

resistance to compression and shearing. ..o 8
1.6 One-dimensional compression curves foouarreconstituted clays. ..................... 10
1.7 Normalized intrinsic compression curvesrgj intrinsic compression line............. 11
1.8 Todi clay: Mohr-Coulomb failure envelops............oooevieii e, 12
1.9 Todi clay: results normalized by the eaqiént pressure . at failure. ................... 12
1.10 The natural clay is simply overconSOBEAL.............cccccouvruurriimiiiierinees s 14

1.11 The natural clay is overconsolidated veétpost-sedimentation structure at gross

VIO, e ———— 15
1.12 One-deimensional compression behavitlmeSibari Clays. ............cccceeeeeen. 15.
IR B = ToTo] 4 WO - | T PP UPPPR 16
I T T || A - S 17
1.15 Stress-strain curves for triaxial compi@s tests at different rates. ................. 18
1.16 Clay behavior during 1D unloading...........cccuvvrvviiiiriiiiiiiiiriieeiieeerieeeeeeeeeeeeens 20
1.17 Effect of fissures on laboratory stresais characteristics. ..........vvvvevveeeeivennnes 22
1.18 Drained and undrained triaxial teststanRlanders clay. ...............cccoo oo 23

1.19 Cyclic stress ratio (CSR) versus numlbeyoles to liquefaction (N) for simulated
EST= 1001 0] (PP 25
1.20 Idealized undrained shearing behavioowérconsolidated clays with (a) low
plasticity and (b) high pIastiCity. ..........ceeeeriiiiiiiiiiiii e, 25

1.21 Strength of Stiff PlastiC ClayS. ... eeeeeeieeiie e 26




Table of Figures

Fig

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

1.22 Test conditions: (a) symmetrical loadiegt, (b) non-symmetrical loading test
(one-way cyclic test), (c) non-symmetrical loadiegt ¢.; andg., have the same sign)
and (d) non-symmetrical loading tegti(andq., have the same sign). .........cccccvvveeeeeee. 29
1.23 Schematic diagram for peak axial stegiand corresponding effective stress ratio
I, at an arbitrary cycle during cyclic 10ading. wu.....cociiiiiiiiiii e, 30
1.24 Relationship between peak axial straid affective stress ratio during cyclic
o 7= o [ o 31
1.25 The relationship between the number afesyand the cyclic strain with different
values of cyclic deviatoric stresses. Triaxial syetmical loading test at normally
consolidated BIAcCK ClaY...........uuuiiiiiiiiriiiiec e e e e e 32
1.26 The equilibrium lines for a normally colidated clay............ccoccuiiiiiiiiiiiicenns 32
1.27 (a) Number of cycles to failure;, lnd shear strain at failung,*y.,, (b) cyclic and
permanent shear strains after a given number dégybl=10 and (c) cyclic shear strain

as function of number of cycles witly, =0 in triaxial tests on Drammen clay with

1.28 The stress ratio of post-cyclic and prelic undrained strength versus the cyclic
10 V] I = LA o J U PP TP 37
1.29 Failure ratio versus cyclic stress raifoR <0.8, post-cyclic strength has not
significant difference with pre-cyclic strength.....................oe i, 38

1.30 Effective stress paths for undrainedicstaiaxial tests with and without previous

undrained cyclic loading at Drammen Clay. ... coeeeeeeeeeeeeeccsceeeeeees 38
2.1 Location Of MErVille SIte...........ummeeeeiiiiiiiieee ettt ee e 43
2.2 Apparatus for sedimentometry. ..o eeeeeeie e 46
2.3 Calculation scheme in distinct elementhogt...............cccoviiiiieiiiniiiiiee s e 46
2.4 Apparatus for specific gravity measurement...........cccccvvvvvvriieiinerrieerrieeeeeeeens 47
2.5 Identification parameters with depth ofISC..........cccooe i, 49
2.6 Identification parameters with depth of2SC.................. 49
2.7 ldentification parameters with depth of3SC..........coooii 50
2.8 Index properties profile for London claytlze Canons Park site....................... 51




Table of Figures

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

2.9 Appearance of the soil at Merville: (a)lg® silt at 1.3 m with a gravel, (b) brown

sample at 3.3 m, (c) brown sample at 6.2 m andr@)-brown sample at 7.2 m.......... 52
2.10 Fixing the specimen taken at the depth®fin for CT imagining..................... 3.5
2.11 CT imagining for a fissured specimen-DiBensions...............euvvveeeeeeeeeeees e 54
2.12 CT imagining of a fissured specimen anpbrm.......................o oo iceeeen, 54
2.13 CT imagining of a specimen in PersPeCLVE............uurvvrririrrirrieieiieereeeeeeeeeess 55
2.14 Scanning electron microscope in Ecolet@@nNantes.............ccccceveeeeniiinnen. 56

2.15 Schematic diagram of electron microsqopenual of Cambridge 500 SEM)....... 56

2.16 Sample for the SEM: (a) vertical pland ép) fixing the sample..................... 57.
2.17 X-ray analysis for the sample taken a54mn of SC3...........ccccvvviviiiiiiiiiieesceenns 58
2.18 X-ray analysis for the samples at diffei@epths. .........ccccoooiiiiiiiiiiiee 59
2.19 Natural sample taken at 10.4 m with SGEBRIreS. .......ccooovvvveiiiiiiii e, 62
2.20 Natural SAMPIE. .......uuuiriiriirieereeers s rrrrrreeaaeeaaaaaaaeaaaeaaens 62
2.21 Natural sample: orientated domains anidewramboid crystals. ..........ccccccee.... 3.6
2.22 Natural sample: rough and sharp edgésegbarticels around a grain................... 63

2.23 Diffractograms resulting from the micdoetnical analysis: (a) white framboid

crystal and (b) clay partiCle. .........ooo i 64
3.1 Deformation path Of & SOIl. ........cemmeeeiiiiiiiiiiii e 66
3.2 Sketch of the procedure of the methodagagrande. ............cccoocciiiiiiinneedd 67
3.3 The consolidometer for preparing the rettnted samples. ..........cccoeeei e en 69
3.4 Compression curve for natural sample (QLL).........ccooevveiiiiii s 73
3.5 Compression curve for natural sample (QL2).........ccccceeeiiiiiiiieces 73
3.6 Compression curve for natural sample (QL3).........ccoevvviiiiieiiii e, 74
3.7 Compression curve for natural sample (QL4)........ccccvveeiiiiiiii e, 74
3.8 Compression curve for natural sample (QLS)..........cooevveeiiiiiiii s 75
3.9 Compression curve for reconstituted sarfPled). .........ceevvvevveiiiiiiiiiiiiiiiiiiieeeees 75
3.10 Preconsolidation pressure of Flandengafdahe depth of 42.9 m.................... 76..
3.11 Compression curve for natural sample (DHL......cccccoeeiiiiiiiiieie e, 79
3.12 Compression curve for natural sample (DH2..........ccccvvvviviviiieiiieeieeeeeeeeeee, 79
3.13 Compression curve for natural sample (DH3........ccccoo i, 80




Table of Figures

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3.14 Compression curve for reconstituted sarfPH4).............evvvevivieeeeieeeeeeeeesiannns 80
3.15 Compression curve for reconstituted sarfPHS)............evvvviiiiiiiiiiiiiieiieeeianas 81
3.16 Test results on natural Flanders cldygit pressure levels. .................coee 81

3.17 Compression curves for natural sampléssatind high pressure levels. .............. 82
3.18 Compression curves of reconstituted atdral samples. .........cccccceeeiiiiiiiiiinn 84
3.19 (a) Biarez & Hicher model (1994) for thermally consolidated clays, (b)

oedometer test results on natural samples of Mersfihy and (c) oedometer test results
on reconstituted samples of Merville Clay....ccccoeeeeeee 85

3.20 Normalized compression of reconstituted matural samples of Merville clay. ...88

3.21 Change of current stress sensitivity witreasing stresses after gross vyield. ....... 89
3.22 Change of swelling sensitivity with inaséng stresses for all the natural samples.90

4.1 (a) Convention triaxial apparatus and Thpxial apparatus used for performing
extension and cyclic triaxial teStS. ........cvveviiiiiiiiii 97

4.2 UU test results on natural specimens atdgpth of 5 ~6m from the borehole SC1.




Table of Figures

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.10 UU test results on natural specimenbatepth of 6 ~7m from the borehole SC3.

4.12 Mohr's circles at failure of natural sipeens at the depth of 5 ~6m from the
DOrENOIE SCL. .. ..o 106
4.13 CIUC test results on natural specimenthatdepth of 5 ~6 m from the borehole
SC1: (a) deviatoric stress versus axial strain @)dexcess pore pressure versus axial
LS =] o F PP PRTTT PP 110
4.14 CIUE test results on natural specimenghatdepth of 5 ~6 m from the borehole
SC1: (a) deviatoric stress versus axial strain @)dexcess pore pressure versus axial
11 =] TSP P P PP PPPPP PP PPPPPP 110
4.15 CIUC test results on natural specimenthatdepth of 7 ~8 m from the borehole
SC1: (a) deviatoric stress versus axial strain @)dexcess pore pressure versus axial
] 1= 1 o P PP TU T TTPPPPPPRRT 110
4.16 CIUC test results on natural specimeriheadepth of 10 ~11 m from the borehole
SC1: (a) deviatoric stress versus axial strain @)dexcess pore pressure versus axial
11 =] T PP P PP PP PPT PP PPPPPP 111
4.17 CIUC test results on natural specimenthatdepth of 5 ~6 m from the borehole
SC2: (a) deviatoric stress versus axial strain @)dexcess pore pressure versus axial
] 1= 1 o P U PP PTU T TTPPPPPPRRTT 111
4.18 CIUC test results on natural specimenthatdepth of 7 ~8 m from the borehole
SC2: (a) deviatoric stress versus axial strain @)dexcess pore pressure versus axial
SETAUIN. ¢ttt ettt et e e e e st e e e b e e e e e e e e as 111
4.19 CIUC test results on natural specimenthatdepth of 8 ~9 m from the borehole
SC2: (a) deviatoric stress versus axial strain @)dexcess pore pressure versus axial
] 1= 1 o P PP PPU T TTPPPPPPRTT 112
4.20 CIUC test results on natural specimenthatdepth of 7 ~8 m from the borehole
SC3: (a) deviatoric stress versus axial strain @)dexcess pore pressure versus axial

Lo 1 = 11 112




Table of Figures

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.21 CIUC test results on natural specimerteeatdepth of 10 ~11 m from the borehole
SC3: (a) deviatoric stress versus axial strain @)excess pore pressure versus axial
LS V] o F PSP PTTTT RO 112
4.22 CIUC and CIUE effective stress paths atural specimens from: (a) the borehole
SC1, (b) the borehole SC2, (c) the borehole SC3(dphall these three boreholes of
Merville clay comparing with the Flanders clay drahdon clay. ...........ccooeeeiiicnnnnes 113

4.23 The scheme of the development of sheamgth during the deformation of the soil.

............................................................................................................................. 114
4.24 A specimen with a shear band for CT imiagj..................ooeeeeeiieeeieeeeccccceees 115
4.25 CT imagining of the specimen with a shisard in 3D. ..........cccccvvviiiiiiiiiiiim 116
4.26 CT imagining of the specimen with a shEard in planform. ...............ccccceee 611
4.27 CT imagining of the specimen with a sheand in longitudinal section. ............ 117
4.28 CT imagining of the specimen with a sheard in perspective.............ccccec... 711

4.29 The natural sample taken at 10.5 m:Haxsband after triaxial test and (b) one part
selected fOr SEM analySiS. .......uuuuuueees e eeeesssssssssssesssnnnnsnnnnnssssnnsenresseeeseens 118
4.30 Merville clay sample with a shear bamdosth surface. ...........cccccccvviiiiiinnns 119
4.31 Merville clay sample with a shear barsh-oriented particles in the concave....119
4.32 Merville clay sample with a shear bantiterframboids crystals. ..................... 120
4.33 Merville clay sample with a shear bankien particles. ...........cccccooiiiiiiee e 120
4.34 Test results on reconstituted specime@CR =1: (a) normalized deviatoric stress
versus axial strain, (b) normalized pore pressewvellversus axial strain, (c) stress ratio
versus axial strain and (d) normalized peak sheassversus axial strain. ................ 124
4.35 Test results on reconstituted specime@C&R =7: (a) normalized deviatoric stress
versus axial strain, (b) normalized pore pressevellversus axial strain, (c) stress ratio
versus axial strain and (d) normalized peak sheassversus axial strain. ................ 125
4.36 Test results on reconstituted speciménm®GR =14: (a) normalized deviatoric
stress versus axial strain, (b) normalized porequme level versus axial strain, (c) stress
ratio versus axial strain and (d) normalized pdwsdas stress versus axial strain. ........ 126
4.37 (a) Relationship between normalized psladar stress and axial strain rate, (b)

relationship betweemandOCRand (c) relationship betwegg andOCR .............. 127




Table of Figures

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.38 Test results on natural specimen©@R =7: (a) normalized deviatoric stress
versus axial strain, (b)normalized excess porespresversus axial strain, (c) stress ratio
versus axial strain and (d) normalized peak sheessversus axial strain rate. ......... 132
4.39 Test results on natural specimen®©@R =14: (a) normalized deviatoric stress
versus axial strain, (b) normalized excess poregure versus axial strain, (c) stress
ratio versus axial strain and (d) normalized pdudas stress versus axial strain rate..133
4.40 Test results on natural specimen®©@R =28: (a) normalized deviatoric stress
versus axial strain, (b) normalized excess porsspme versus axial strain, (c) stress
ratio versus axial strain and (d) normalized pdsdas stress versus axial strain rate..134
4.41 Test results on natural specimen®©@R =56: (a) normalized deviatoric stress
versus axial strain, (b) normalized excess poregure versus axial strain, (c) stress
ratio versus axial strain and (d) normalized pdadas stress versus axial strain rate..135
4.42 (a) Undrained effective stress pathsfiardnt strain rates, (b) relationship between
normalized peak shear stress and axial strairrel@)ionship betweem andOCRand

(d) relationship betweegn, aNdOCR .............cccceviiiiiiiii e, 136
4.43 CIUC test results on natural specimerepgred in the vertical direction: (a)
deviatoric stress versus axial strain, (b) excese pressure versus axial strain and (c)
effective StreSS PatNS. ... —— 140
4.44 CIUC test results on natural specimerpaned in the horizontal direction: (a)
deviatoric stress versus axial strain, (b) excess pressure versus axial strain and (c)
effective StresSs PathS. ... ———— 141
4.45 (a) CIUC tests on vertical and horizontakural specimens of London clay
(Burland, 1990) and (b) tests on vertical and toorial natural specimens of Merville
ClAY . ettt aa e e e e e e e e e e e e e e e e e aaaaaaaas 142
4.46 (a) Failure envelopes obtained in thegl&, t) and (b) failure envelopes taking
into account the actual inclinatianof the failure planes. ...........cccccvvviceeeeeeeeeennn. 144
4.47 Test results on reconstituted specimeama the borehole SC3 at the depth of 7 ~8
m: (a) deviatoric stress versus axial strain, ffess pore pressure versus axial strain

and (c) effective stress paths. ... 146




Table of Figures

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.48 Test results on reconstituted specimesrs the borehole SC2 at the depth of 10
~11 m: (a) deviatoric stress versus axial strai),excess pore pressure versus axial
strain and (c) effective stress paths. ... 147

4.49 Stress paths of compression tests ofdbenstituted specimens in tiedog(p’)

1 F= T = S 148
5.1 Applied CYCliC deVIatOrC SIIESS. .. eiieeeieiiiieeiieies e 152
5.2 Variation of deformation during a repedteat] test (illustrative). .................... 154

5.3 Cyclic test result for the natural specind Merville clay: (a) cyclic deviatoric
stress, (b) axial strain development during cydtiading, (c) excess pore pressure

development during cyclic loading and (d) effectsteess path during cyclic loading.

5.4 Cyclic test results for the reconstitusggbcimens of Merville clay: (a) Applied
cyclic deviatoric stress with stress lev&l=0.11, (b) axial strain development during
cyclic loading, (c) hysteresis loops, (d) excesegwessure development during cyclic
loading and (d) effective stress path during cyldading. ............ccccocciiiniiiinnnnnns 158

5.5 Cyclic test results for the reconstitusggbcimens of Merville clay: (a) Applied
cyclic deviatoric stress with stress levl =0.22, (b) axial strain development during
cyclic loading, (c) hysteresis loops, (d) excesegwessure development during cyclic
loading and (d) effective stress path during cyldading. ............cccoccciiiniiiininnnns 159

5.6 Cyclic test results for the reconstitusggbcimens of Merville clay: (a) Applied
cyclic deviatoric stress with stress levl =0.44, (b) axial strain development during
cyclic loading, (c) hysteresis loops, (d) excesegwessure development during cyclic
loading and (d) effective stress path during cyldading. ............cccoccciiiniiininnnnns 160

5.7 Cyclic test results for the reconstitusggbcimens of Merville clay: (a) Applied
cyclic deviatoric stress with stress lev&l =0.48, (b) axial strain development during
cyclic loading, (c) hysteresis loops, (d) excesegwessure development during cyclic
loading and (d) effective stress path during cyldading. ............cccccceviiiniiininnnnn 161

5.8 Cyclic test results for the reconstitusggbcimens of Merville clay: (a) Applied

cyclic deviatoric stress with stress levl =0.52, (b) axial strain development during




Table of Figures

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

cyclic loading, (c) hysteresis loops, (d) excesegmessure development during cyclic
loading and (d) effective stress path during cyldading. ...........ccccoecinniiiiiiininnnnn 162

5.9 Development of (a) cyclic shear strain gbjl permanent shear strain wtith the
number of cycles of five cyclic tests with symmesiti cyclic loading on reconstituted
samples of Merville Clay. ......cooooo oo 163
5.10 Development of (a) cyclic pore pressure @) permanent pore pressure wtith the
number of cycles of five cyclic tests with symmediti cyclic loading on reconstituted
samples of MerVille Clay. .....coooioeeeee e 163
5.11 (a) Number of cycles and shear strainfaitare or termination on reconstituted
samples of Merville clay wittDCR =4, Permanent and cyclic shear strains at a give
number of cycles: (b) 10000 cycles, (c) 200000eyelind (d) 1000000 cycles. ......... 166
5.12 Cyclic shear strain as function of numbkcycles withgy, =0 in triaxial tests on
Merville clay With OCRZA. .......coveeiiiiieis ettt e e e 167
5.13 The development of cyclic axial strairridg symmetrical cyclic loading on four
different clays with the SAMBCR .............cuiiiiiiiiiiiiiiee e 168
5.14 (a) Development of axial strains anddbYyelopment of excess pore pressures of
Test 1 and the test of comparison with the stegs R. equaling 0.11. ..................... 169
5.15 (a) Development of axial strain and (evalopment of excess pore pressures
AUING the CrEEP tEST. ...t e e e e e s e e e s e e e mnnne e e e eeeeeeeeees 169
5.16 Resilient modulus of one cycle in thelicyiest (illustrative). .......................c. 170
5.17 Variations of resilient modulus duringly loading with different stress levels.171
5.18 Variations of resilient modulus accordioegthe variable forms of cycles during
cyclic loading with the stress levBl equaling (a) 0.52, (b) 0.48, (c) 0.44, (d) 0.2d an
=) 0250 TP UPRP TR 172
5.19 Results of static triaxial tests on regtituted samples with and without cyclic
loading: (a) relationship between deviatoric strassl axial strain, (b) relationship

between excess pore pressure and axial straircaefféctive stress paths. ............... 174




List of Tables

List of Tables

Table 2.1 Identification parameters of Mervillexct@orel, 2000)................ceeeeeeieeiiineee 45
Table 2.2 Specific gravity of the samples fromeliéint depths. .......ccccccvvvviiiiiis a7
Table 2.3 X-ray analysis on the sample at SC3 M=5..........cvvviiiiiiiiiiiiieiieeeeeeeeeeveeeeeeens 57
Table 2.4 Composition of clay fraction (sample @aE4.2 M). .....ovvvviiiiiiiiiiiiiiiniiiiss e 59
Table 2.5 Carbonate content distribution with depth......................cc. i, 61
Table 3.1 Basic parameters of specimens — Oedomestsrat low pressure levels. ............. 72
Table 3.2 Results of oedometer tests at low predsuElS. .........ccvvvveiiiiiiiiiiiiee e 76
Table 3.3 Basic parameters of specimens — Oedomestsrat high pressure levels. ............ 77
Table 3.4 Results of natural samples at high predsuels . ..........ccccoiiiiiiiii o 78
Table 3.5 Results of oedometer tests for all teenstituted samples. ..........ccevvvviiveeeee 33
Table 4.1 Test results on natural specimens (UU).........cccvvvvvriiiiiiiiiiiiiieeeieeeeeeeeeees 102
Table 4.2 Test results on natural specimens (CIMCGAUE). .............ccoooeeevieeiiiieeenn 109
Table 4.3 Test results on reconstituted specimed#farent strain rates. ..................... 123
Table 4.4 Test results on natural specimens aréifit strain rates..............ccccccvvvvimen 131

Table 4.5 Test results on natural specimens prdpatalifferent directions (vertical and

(gTe] 740 o= ) PRSP 139
Table 4.6 Test results on reconstituted speciméd@ and CIUE). ...........ccccceeeeeennnee 3a
Table 5.1 Basic parameters for the natural specimen............ccccccevveeeiei e, 155
Table 5.2 Parameters for reconstituted specimethgyaiic tests..............ccooeeee i 157

Table 5.3 Results of cyclic tests on reconstitsi@uiples at different stress levels. ......... 5.16







Abstract

Merville clay of the Flanders Region was deposited marine gulf which corresponds now
to the area covering northern France, Belgium,smdheastern England. This clay is an example
of a stiff- overconsolidated clay, which displaysimilar behavior to that of London clay. It is
therefore important to study Merville clay for ingping our understanding of the mechanical
behavior of stiff, non-uniform clays. A model commto these clays would be helpful and this
experimental research based on core samples igirdertikely to contribute to developing a

general framework for the engineering propertiesuzh soils.

The physical properties of Merville clay were firahalyzed in order to provide the
mineralogical content as well as the main charmties of the clayey structure. Then, the
mechanical properties were obtained by running weder and triaxial tests on samples from
different depths in their natural and reconstitigttes. The OCR value for the natural samples is
about 20. The effects of the structure, fissures| anisotropy on the mechanical behavior of
Merville clay were investigated. The strain ratgeledency of the reconstituted and natural
samples of Merville clay at high OCRs was analyZétk test results indicate that the strain rate

effect on the undrained shear strength is greatardtural samples than for reconstituted samples.

Cyclic tests with a large number of cycles (i.eqrenthan one million) were performed on
the Merville clay. A threshold value of the strésgel was found. If the stress level was smaller
than this threshold value, a state of equilibriuould be reached during cyclic loading. The
number of cycles in relation with the permanent apdic shear strains is reported in stability
diagrams. Based on these diagrams, if the permamehtyclic stresses are combined, the shear
strains can be predicted at a given number of sydlee monotonic shear strength of the samples
subjected to previous cyclic loading is higher tithe shear strength of the sample without

previous cyclic loading.

Keywords: Merville clay, high overconsolidation ratio, triaktest, critical state lines, strain

rate dependency, cyclic test with large numberyofes.

HAN Jian (2014)



Résumé

L'argile de Merville a été déposée dans un golfeimgui correspond maintenant au nord de
la France, la Belgique et le sud-est de I'Anglete@ette argile est un exemple d'argile raide et
fortement surconsolidée, qui a un comportementlgimia celui de l'argile de Londres. Cette
recherche s’appuie sur une étude expérimentale pouwer un cadre théorique pour le

comportement d’un sol de cette nature.

Les échantillons d'argile, prélevés in situ a difites profondeurs, entre 3 et 11 m, ont été
caractérisés minéralogiquement (illite, quartz, likite majoritairement) et physiguement. La
couche est relativement homogéne. Des échantflonsensuite testés dans leur état naturel puis
dans leur état reconstitué (remanié) a l'aide disssedométrique et d’essais triaxiaux. En
particulier, on identifie une valeur probable dggede surconsolidation (OCR), voisin de 20. Les
effets de la structure, des fissures existantes @uéhistoire du matériau et l'anisotropie du
comportement mécanique de l'argile de Merville&tatanalysés. Dans cette thése, la dépendance
de la réponse mécanique a la vitesse de déformatiories échantillons naturels et remaniés

d’argile de Merville a différents OCRs a égalemétigtétudiée.

Les paramétres mécaniques de résistance au crsilleont été identifiés au cours d'essais
monotones triaxiaux consolidés non drainés, en cesspn et en extension. Ces parametres
présentent une certaine variabilité lorsqu’on lesctérise sur les échantillons intacts. C’'est pour
cela que nous avons opté également pour une adsatith mécanique sur des échantillons
reconstitués. Enfin, des essais cycliques a tr@ssdgnombre de cycles (plus d'un million) ont été
réalisés sur l'argile de Merville. Seuls les foagportsR: = d,/0max de 'amplitude cyclique sur la
résistance au cisaillement monotone ameéenent gptare) au cours d’essais alternés. On propose
enfin une ébauche de diagramme contour et de diegea de stabilité. La résistance au
cisaillement monotone des échantillons soumis ehangement cyclique précédent est supérieure

a la résistance au cisaillement de I'échantillors shargement cyclique.

Mots-clés: Argile de Merville, fort degré de surconsolidatiosssai triaxial; ligne d'état

critique, dépendance de la vitesse de déformagisai cyclique a grand nombre de cycles.

HAN Jian (2014)



Introduction

Introduction

Background of the research

Various design methods are proposed to engineersaltulate shaft capacity and base
resistance of piles under axial and/or lateral ilog&l In most cases, they provide precise
specifications, often calibrated from field tes®P{, pressuremeter), that allow to estimate the
static capacity of piles. However, because of teeetbpment of offshore platforms in the last
sixty years and the progress of wind turbines ishone or near-shore zones nowadays, there is a
need to better take into account the effects oé4ilependent loads, for instance wind. Indeed,
cyclic loading are usually introduced in the gehtecal design of structures through relatively
large safety factors. Nevertheless, the base fonoae rational approach exists because the
behavior of soils under cyclic conditions has béamgely investigated for many years. The
transition from the elementary behavior of a spika@men to the design of piles was initiated
particularly by K. Andersen who first introducedlsility diagrams. However, they are not yet

currently used in geotechnical engineering.

As a consequence, the SOLCYP research projectavashed, whose main objective was to
consider the cyclic loading effects in a more raoway and to introduce them within current

design rules. This project comprises different $aghkcluding:

- Investigation of the elementary behavior of soiFortainebleau sand, clays) and

soil-structure interfaces;
- Physical modelling of piles through centrifuge itggt

- Development of numerical strategies to take intooant large numbers of cycles into

modelling;
- Adaptation of design rules;

- Confrontation with field tests at Merville (in aghily overconsolidated and stiff clay)

and at Dunkirk (in a relatively dense sand).

HAN Jian (2014)



Introduction

The present work is included in the SOLCYP natigmalject during which field tests have
been performed. We were in charge of the physiodl rmechanical characterization of the soil

encountered at Merville, north of France.

Merville clay lying in the Flanders Region was dsiped in a marine gulf which corresponds
now to the northern France, Belgium and the sosthelaEngland. This clay is an example of a
stiff clay, which is similar to other such clays iarms of strength response, stiffness and

destructuration processes. The most famous ongcbfsgimilar clays is the London clay.

Previous experimental studies on the behavior ef dlay lying in the Flanders Region
(Borel, 2000; Reiffsteck, 2003) highlighted the wmance of investigating the relationship
between geology and experimental behavior forigdtmaterials. Studying Merville clay has
therefore a general interest for a better undedstgrof stiff, overconsolidated clays, for which a
common model of behavior could be desired. Moreaver knowledge of the cyclic response of
such clay is scarce, that is the reason why afipeaimpaign of cyclic tests has been carried out

during the present research.

Objectives

This research aimed at finding a framework forlibbavior of the Merville clay related to its

engineering properties based on experimental éssits.

Josseaume (1998) indicated that the clay lyinpefanders Region is a structured, fissured
clay and Hieng (1991) presented a series of expatah results, discussing some important
parameters of the clay, such as the preconsolidatiessure. Burland (1990) presented a method
to prepare the reconstituted samples and definedhtansic state to analyze the results of
one-dimensional compression tests. Biarez & HiclE994) presented another method to
normalize the compression curve of clays. The &trat anisotropy arises from the structure of
the soils, as a consequence of geological procdsskis paper, Burland (1990) presented the test
results of London clay in two different directio(isorizontal and vertical). Although the shear
strengths were different at the same confining qunes the failure envelopes of the specimens

prepared in the two directions were similar.

HAN Jian (2014)
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In this work, an investigation of the physical pedfes of the Merville clay has been
conducted with the support of laboratory experiraefihe mechanical properties of the clay have
been investigated in terms of stress-strain behaid strength, considering the influence that
structure, fissures and anisotropy have on thergspgonse. The samples stored in thin-wall PVC
tubes were used from different depths within thewMle clay stratum. The clay has been tested
in its intact and reconstituted states to highliget influence of the clay structure for the ndtura
material. The process that induces destructuratfathe natural material, such as compression /
swelling to high or low stresses, has also beetyaed, although the compression stresses were
limited by the apparatus used. An investigatiothef effect of anisotropy on the shear strength of

the natural samples has been conducted.

Several authors (Zhu & Yin., 2000; Sheaham et1l&96) have performed an analysis on the
strain rate dependency of the shear strength atimnd reconstituted samples at low OCRs. An
investigation of the strain rate dependency orrélgenstituted and the natural samples of Merville

clay at higher OCRs has been conducted.

Besides the research of Brown et al. (1975), fesearchers have applied very large
numbers of cycles on natural soils. Therefore, icyists with a very large number of cycles
(more than one million cycles) on clay samples hbegen performed in order to obtain the

evolution of strains, pore pressure, and resileodulus.

Based on data of the static and cyclic loadingxwamnall behavior has been proposed, which
could be expected to apply to similar stiff, fissdirclays and to respond to the needs of the

geotechnical engineering.
Structure of the thesis
This manuscript contains four parts.

Firstly, the geology of Merville clay is describdate soil profile was obtained based on the
appearance and the physical properties of the diag. microstructure of the clay has been

analyzed by the CT imagining and SEM analysis. mieeral content was also obtained.
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Secondly, the one-dimensional compression behawbr the clay was studied.
One-dimensional compression tests at low and higbsprres were conducted on reconstituted and
natural samples. The preconsolidation pressurethedyield stress of the natural clay were
obtained. The effect of the soil structure has baealyzed. The methods for normalizing the
compression curves are introduced and the resulteoville clay are normalized by using these

methods.

Thirdly, triaxial tests (UU, CIUC and CIUE) werermucted. The investigation of the shear
strength from UU tests based on the Mohr circledadtire was performed. The strain rate
dependency of the natural samples with four differ®CRs (7, 14, 28 and 56) and of

reconstituted samples with three different OCR¥ (@nd 14) has been analyzed.

The tests for analyzing the anisotropy of the clegre conducted on natural samples

prepared in two different directions (horizontatlarertical).

The critical state lines in compression and extanbave also been obtained.

Finally, because of the existence of micro-fissumelslerville clay, the natural samples were
considered not suitable for a comprehensive sttidliyeir behavior under cyclic tests with a large
number of cycles. Reconstituted samples at OCR=4 weepared and subjected to symmetrical
two-way cyclic loading. The evolution of strain, rpopressure and resilient modulus has been
analyzed and interpreted. A threshold value wasiobtl from the results of these cyclic tests,
above which failure in cyclic regime would occur o given number of cycles. The post-cyclic
shear strengths were obtained by performing commmedriaxial tests on specimens which did

not failed during the cyclic loading.
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Introduction générale

Contexte de la recherche

Diverses méthodes de conception ont été proposges@énieurs pour calculer la capacité
portante, addition du frottement latéral et deftgfde pointe, de pieux sous charges axiales et/ou
latérales. Dans la plupart des cas, ils fournisdestspécifications précises, souvent calibrées a
partir d’essais sur le terrain (CPT, pressiometya),permettent d’estimer la capacité statique des
pieux. Cependant, en raison du développement dassglormes pétroliéres offshores dans les
soixante derniéres années et des éoliennes onsfianéfshores de nos jours, il est nécessaire de
mieux prendre en compte les effets des chargesnetidn du temps, par exemple I'action du vent
et/ou de la houle. En effet, les chargements ayebgsont généralement introduits dans la
conception géotechnique des structures relativerimeportantes par des facteurs de sécurité.
Néanmoins, la base d'une approche plus rationeglite parce que le comportement des sols
dans des conditions cycliques a été largementé&teluis de nombreuses années. De plus, la
transition du comportement élémentaire d'un échamttde sol & la conception des pieux a été
initiée en particulier par K. Andersen qui a intuddes diagrammes de stabilité. Mais ils ne sont

pas encore utilisés actuellement dans la géoteghmigurante.

Ce constat a donné lieu en France au projet deemeiolh SOLCYP, dont l'objectif est
d'examiner plus systématiquement les effets cyetiqglans une approche plus rationnelle et de les
combiner avec les regles de conception actuelles.p@jet comprend différentes taches, y

compris:

- L'étude du comportement élémentaire des sols (s#blEontainebleau, argiles) et des

interfaces sol-structure;
- La modélisation physigue des pieux par des testeetnifugeuse;

- Le développement de stratégies numériques poudmem compte un grand nombre de

cycles dans la modélisation;

- L’adaptation des régles de conception;
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- La confrontation avec des tests sur le terrain aviile (dans une argile raide tres

surconsolidée) et a Dunkerque (dans un sablevetaéint dense).
Travail réalisé

Le présent travail est inclus dans le projet nati®@OLCYP au cours duquel les essais sur le
terrain ont été effectués. Nous étions en charde daractérisation physique et mécanique du sol

rencontré a Merville, dans le nord de la France.

L'argile de Merville se trouvant dans les Flandeegté déposée dans un golfe marin qui
correspond maintenant au nord de la France, ladedget le sud-est de I'Angleterre. Cette argile
est un exemple d'une argile raide, qui est singilaid'autres ces argiles en termes de processus de
formation géologique, et en conséquence de comperte mécanique. La plus célébre de ces

argiles similaires est l'argile de Londres.

Les études expérimentales antérieures sur le ceempent de l'argile se trouvant dans la
méme région (Borel, 2000; Reiffsteck, 2003) ontligo¢ I'importance de I'étude des relations
entre la géologie et le comportement expérimengal mhatériaux stratifiés. Etudier I'argile de
Merville a donc un intérét général pour une meikkegompréhension des argiles raides, non
uniformes, pour lesquelles un modéle commun de odimment pourrait étre souhaitable. De
plus, la connaissance de la réponse cyclique dalleeargile surconsolidée est rare, c'est la maiso
pour laquelle une campagne spécifique de testégogd a été effectuée au cours de la présente

recherche.
Objectifs

Cette étude a cherché a trouver un cadre pourngadement de l'argile de Merville basé

sur I'étude expérimentale de ce matériau.

Josseaume (1998) a indiqué que l'argile se trowleam les Flandres est une argile structurée
fissurée et Hieng (1991) a présenté une série sldtaés expérimentaux, en discutant certains
paramétres importants de cette argile, telle qymdasion de préconsolidation. Burland (1990) a
présenté une méthode pour préparer les échantibmosstitués et défini un état intrinseque pour

une meilleure analyse des résultats des essaisnéeidoies. Biarez & Hicher (1994) ont présenté
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une autre méthode pour normaliser la courbe de mssilité a 'oedométre d'argiles de

différentes minéralogies.

L'anisotropie mécanique provient de la structure dels, comme une conséquence du
processus de formation géologique. Dans son grtigleland (1990) a présenté les résultats
d'essais sur I"argile de Londres dans deux doestidifférentes (horizontale et verticale). Bien
gue les réponses contrainte-déformation a la méession de confinement soit différentes, les

enveloppes de rupture de ces deux directions suitaises.

Y

Suite a ces travaux, une analyse des propriétésiquies de l'argile de Merville a tout
d’abord été menée au laboratoire. Les propriété&anmgues de l'argile ont ensuite été étudiées en
termes de comportement contrainte-déformation etédgstance au cisaillement, prenant en
compte l'influence de la structure, de la fissorathitiale et de I'anisotropie sur la réponse du s
Les échantillons provenant de différentes proforsldans la couche d'argile de Merville stockés
dans des tubes en PVC a paroi mince ont été stilisérgile a été testée a I'état intact, et dans s
état reconstitué pour mettre en évidence l'infleede la structure du matériau naturel. Les
mécanismes qui induisent la déstructuration du maaténaturel, tel que la compression /
gonflement a des contraintes élevées ou faiblet, également été analysés, bien que les
contraintes de compression ont été limitées parafgmreils utilisés. Une étude de l'effet de
l'anisotropie de la résistance au cisaillement @dsntillons naturels a été effectuée. Plusieurs
auteurs (Zhu et Yin, 2000 ; Sheaham et al, 1998) amalysé l'influence de la vitesse de
déformation sur la résistance au cisaillement diétions intacts ou reconstitués a faible degré
de surconsolidation. Une étude de la dépendantz \deesse de déformation sur les échantillons

remaniés et naturels de Merville a OCR plus élevés menée.

A l'exception de Brown et al. (1975), peu de cherals ont étudié I'effet d'un trés grand
nombre de cycles sur le comportement d’argilesraiéis ou remaniées. Par conséquent, nous
avons réalisé des essais cycliques a trés grantreaie cycles (plus d'un million de cycles) sur
des échantillons de l'argile de Merville pour oltd'dvolution des déformations, de la pression

interstitielle et du module cyclique.
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Sur la base des données obtenues par les anafysbargement monotones et cycliques, le
cadre élaboré devrait pouvoir étre étendu et sigppt a d'autres argiles raides fissurées

similaires de facon a étre utilisé pour les besdabingénierie.
Structure de la these
Le mémoire de thése comprend quatre parties.

Tout d'abord, la géologie de I'argile de Mervili décrite, on obtient le profil du sol basé sur
I'apparence et les propriétés physiques de l'adgdenicrostructure de l'argile a été analysée par

I'imagination CT et I'analyse SEM. Les teneurs @éménaux ont également été obtenus.

En second lieu, le comportement en compressionmeétligue de l'argile a été étudié. Des
essais oedométrigues a basses et hautes contraintedté effectués sur des échantillons
reconstitués et naturels. La pression de précalain et le seuil de plasticité de l'argile natare
ont été obtenus. L'effet de la structure du soléaadalysé. Les méthodes de normalisation des
courbes de compression sont introduites et ledta¢sule I'argile de Merville sont normalisés a

l'aide de ces méthodes.

Troisiemement, les essais triaxiaux (UU, CIUC eUE) ont été menés au laboratoire.
L'analyse de la résistance au cisaillement dessddthbasées sur les cercles de Mohr a la rupture
a tout d’abord été menée. La dépendance de lseitbs déformation sur des échantillons naturels
avec quatre OCRs différents (7, 14, 28 et 56) etles échantillons reconstitués avec trois OCRs
différents (1, 7 et 14) a été analysée. Les egmais |'analyse de l'anisotropie de l'argile ont été
effectués sur des échantillons naturels prépargs daux directions différentes (horizontale et
verticale). Les enveloppes de résistance maximalecampression et en extension ont été

obtenues.

Enfin, en raison de l'existence de micro-fissurassdl'argile de Merville perturbant les
résultats, les échantillons naturels n'ont pas tpe étilisés pour effectuer des essais cycliques
avec un grand nombre de cycles. Des échantillocenstitués & OCR = 4 ont été préparés et
soumis a des chargements cycliques alternés. Lol de la déformation, de la pression
interstitielle et du module a été analysée et jmétee. Une valeur du seuil de rupture en

chargement cyclique a été obtenue a partir dedtatssde ces essais cycliques. La résistance au
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cisaillement post-cycliqgue a été mesurée en effmttdes essais de compression triaxiale sur des

échantillons n'ayant pas rompu pendant le chargenyafique.
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1 Literature review

1.1 Clay structure

In soil mechanics, the terms ‘structure’ and ‘bagdinave generally been used to attempt to
identify elements that may or may not be physicahponents of the soil (Cotecchia & Chandler,
1997). The basic elements of structure exist irckalys, and these elements should be seen as
source of similarities in the behavior of differediys. It follows that, in comparing the
mechanical behavior of natural and reconstituteaysclin order to contribute to a better
understanding of an overall clay behavior, one khéist look at the similarities in behavior. Of
course, there will be some differences which cdadaf major importance (Skempton & Northey,
1952). The properties of reconstituted clays arendéd ‘intrinsic’ properties since they are
inherent to the nature of the soil and independérnthe natural state. Then the properties of a
natural clay differ from its intrinsic propertiesia to the influence of soil structure (Burland,

1990).

The term ‘structure’ will be used here to define tombination of ‘fabric’, the arrangement
of the component particles, and ‘bonding’, the ripégticle forces, which are not of a purely
frictional nature (Lambe & Whitman, 1969). Fabriacludes inhomogeneities, layering,
distribution of the soil particles and fissures ¢Po& Cotecchia, 1995). Bonding is the

combination of forces acting to connect the patiads well as to chemical reactions at contacts.

Although soils are composed of discrete particled particle groups, a soil mass is almost
always treated as a continuum for engineering aislgnd design purpose. Nevertheless, the
specific values of properties such as strengthmeability, and compressibility depend on the size
and shape of the particles, their arrangements, thadforces between them, especially for

fine-grained soils (Mitchell & Soga, 2005).

A clay patrticle is formed of a sequence of struadtunits constituted of minerals of hydrated
layered silicates of aluminium and magnesium, whielve a more or a less stable spacing
depending on the strength of the links betweenuthites. The constituent layers and the links

between them define different minerals, such adirkg® illite and chlorite, which have stable

HAN Jian (2014) -1-



| Literature review

structures due to strong links between the units] montmorillonite which has an unstable
structure, as the basal links are provided by hgdraations as shown in Fig.1.1 (Veniale, 1985;
Blyth & De Freitas, 1984). The orientation and wlisttion of these particles in a soil mass define

the fabric of the clay (Lambe & Whitman, 1969).

Oxygen or Hydroxyl O ® Various Cations

/
\

Packed according to charge and geometry

— —
‘_ﬁf&m to form a sheet
Tetrahedral /N — : [ Octahedral

Stacked in ionic and covalent bonding to form layers

1:1 Semibasic unit 5 E 2:1 Semibasic unitt

Stacked in various ways Stacked in various ways

O —— é

Kaolinite  Halloysite Pyrophyfite Smectite  Vermiculile Illite: Chlorite  Mixed Layer

From Mitchell & Soga, (2005)

Fig. 1.1 Structure of the main clay units.

1.1.1 Clay fabric

Soil fabric is a main factor determining soil praes and behavior. It is necessary to
consider the size, the form and the function diedént fabric units and to keep in mind the scale
at which the fabric is of interest. The strengthrméct, homogeneous soft clay will be influenced
greatly by the particle arrangements at a micresoahereas that of stiff fissured clay will be

mainly controlled by the properties of the fissures

Many soil deposits are formed by deposition fromwihg or still water. Accordingly,
knowledge of particle associations in suspensisres good starting point for understanding how
soil fabrics are formed and changed throughouhtk®ry of a soil. Clean sands and gravels are
usually comprised of single grain arrangementstidfamassociations in clay suspensions may be
more complex (Mitchell & Soga, 2005). Sides & Bard@d970) provided a classification of

fundamental fabrics, which are summarized in Fiy.1f the net effects of the attractive and
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repulsive forces between the clay particles amaaive, the particles will tend to move toward
each other and become attached. They identify thas&les as a flocculated fabric; if the net
influence is repulsive they tend to move away, #my identify that as a dispersed fabric; a
turbostatic fabric, where edge to face contactpeeeent between domains and stacks with highly
oriented particles. For the flocculated fabric ytlkstinguish between a ‘cardhouse’ fabric with a
single particle arrangement, the ‘bookhouse’ witlttiples arranged in groups, called domains,
which are parallel, and the ‘honeycomb’ fabric etderized by non-uniform strains occurring

during compression compared to the ‘stack’ fabric.

y
s’ "
Domain

Cardhouse Bookhouse Honeycombe
S ==
A o e —

: ;,_:;%.:‘%:;qé_’e?- —
Dispersed Turbostratic Stack

From Sides & Barden., (1970)

Fig. 1.2 Classification of fabric.

The condition of deposition significantly affectetfabric of the sediment and the two most
significant factors are likely to be the rate ofpdsition and the stillness of the water. Slow
deposition in still water leads to an open fabRapid deposition, possibly with significant
current, gives rise to a more orientated fabricjctvhis consequently more compact (Burland,
1990). The presence of pyrite framboids is usuatiyindicator of anaerobic sulphide diagenesis
developing in the early stages of consolidatiorplyimg the existence of a confined, reducing
environment. The fabric formed during depositiontésmed ‘primary fabric’ and it can be

modified by post-depositional phenomena.

1.1.2 Bonding

The inter-particle bonding is defined as the coratiom of all the inter-particle forces, which
are not of purely frictional nature. They can beelafctrostatic or electromagnetic nature, such as

Van der Waal forces and viscous stresses withirattserbed water layer, or, in general, all the
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factors acting to keep the soil particles togetBending is not necessarily (although it may be) a

solid link, particularly with clays.

Because interatomic bonds within clay particlessireng primary valence bonds, whereas
usual interparticle bonds are of the secondaryneale®r hydrogen bond type, individual particles
are strong compared to groups of particles. Thusstreoil masses behave as assemblages of
particles in which deformation processes are dotthay displacements between particles and
not by deformations of particles themselves. Thpe tgf bonding between the unit layers of the
clay minerals, coupled with the adsorption propsrtof the particle surfaces, controls soil

swelling.

The structure of clay, as defined above, is thpsysico-chemical equilibrium between the
soil particles. This equilibrium develops duringe tgeological life of the soil as a result of
mineralogy, electrostatic and magnetic interactibetsveen crystals, ion concentration and water
chemistry during deposition, osmotic pressure, &mapire and organic content. Either externally
induced variations of these factors or the devekgnof chemical reactions within the sediments
can cause substantial changes of both the fabrit the bonding of the clay with time.
Depositional and post-depositional processes dunrigj therefore, to the formation and the
evolution of the soil structure, which can be cdagéd as the result of all the processes thatl a soi

has undergone during its geological history.

Because soils behave as particulate materials etrasrcontinua, knowledge of these internal
forces and of the factors influencing them is aessary pre-requisite to the understanding and

guantification of compressibility, deformation, astdength in constitutive relationships.

1.1.3 Anisotropy

If the distribution and shapes of particles aréstteally independent of the orientation of the
chosen axes, the clay can be considered isotrdpiat is to say, its mechanical properties are
isotropic and thus the mechanical law which govetasbehavior will be isotropic, and can
therefore be written independently of the orieotatof the axes chosen to define the stress and
strain tensors. But in general, the natural clagscammonly anisotropic because of their mode of

deposition (Hicher, 1985; Graham & Houlsby, 1983).
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Depositional and post-depositional processes ddfieeconditions of equilibrium of the
particles and contacts and therefore govern theesponse to subsequent changes in stresses and
strains. The particle deposition and compressiauoander gravity and hence are directionally
dependent. Particle arrangement and contacts ageefdine anisotropic. This determines
differences in the soil response depending on itleetibn of the application of the stress changes.
For example, nonspherical particles tend to depodih their long axial in the direction
perpendicular to gravity, and, therefore, the asbgmill be inherently stiffer in the depositional

(vertical) direction than in the horizontal directi This is inherent or structural anisotropy.

The inherent or structural anisotropy arises from gtructure of the soils, as a consequence
of geological processes, which is created by th@iGgiion of an anisotropic stress tensor during
deposition. It refers strictly to natural soilsjtifvere possible to reconstruct the complete hysto
of a sample it would not be necessary to distingbistween the inherent anisotropy and induced
anisotropy which might be expected to exist in nstibuted soils that have undergone an
anisotropic plastic strain history. This strainticdd anisotropy can be distinguished from the
“stress induced” anisotropy, (Ballester & SagasE®d9) which results solely from the anisotropy
of the current stress condition and is independétiie strain and stress history of the material.

Biarez & Hicher (1994) described this ‘stress irelli@nisotropy as mechanical anisotropy.

1.1.4 States of structure

In their paper, Leroueil et al. (1984) describedt ttihe clayey soils can be encountered or
produced in four different states of structure,eob®n their experience: intact, destructured,
remoulded and resedimented clays. The intact staterring during natural deposition is created
by the complex geological processes, such as depo®nvironment, weathering etc. The
destructured state is obtained from intact claysrstied to strains large enough for the original
clay structure to be broken. The remoulded statteftied by the fact that the clay strength is
reduced to a minimum by imparting sufficient medbahenergy. The resedimented state is
obtained by deposition of clay particles originalgmoulded and mixed to slurry and by
consolidation under the self-weight of the soiluroh of increasing thickness. Experimental
studies done by Locat (1982) put clearly in evigetize different behaviors of a clay in the

various structural states defined previously, showrig.1.3.
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Fig. 1.3 Undrained shear strength-liquidity index ad effective stress-liquidity index relations for Gande
Baleine clay.

In this work, the term ‘structure’ mentioned abaseaised for clays in their intact state. To
understand the properties of clays better, besiesintact clays, the clays which we call
‘remoulded’ or ‘reconstituted’ clays are of intere¥he reconstituted clays correspond to the
destructured state (Gasparre, 2005). They have theesughly mixed at a water content equal to
or greater than the liquid limit (preferably 1v29 without air drying or oven drying, and then
consolidated preferably under one-dimensional d¢mwdi Ideally the chemistry of the water
should be similar to that of the pore water in ¢k in its intact state. Burland (1990) therefore
defined the properties of a reconstituted soil iaginsic’. The term intrinsic has been chosen
since it refers to the basic, or inherent, propertif a given soil prepared in a specified manner
and which are independent of its natural stateaBge the water content of the slurry and the
pressure for consolidation of the reconstitutedestae different with those of the resedimented
state. The ‘reconstituted state’ is the state dfilly ‘destructured material’ which is the fifth

important state of structure in addition to therfetates defined by Leroueil et al. (1984).
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1.1.5 Degree of sturcturation

Most clays lose a proportion of their strength whemoulded (Skempton & Northey, 1952).
The loss of strength that accompanied the distudah many natural clays is quantified by the
sensitivityS of the undisturbed structure as the ratio of théisturbed to fully remolded strength
at the same water content (Fig.1.4).

20 Sansitivity
i_ 150 St Thuribe
@ 17 Horten
9-7 Hogdal
9:0 Vasby Il

8.0 Bromma
80 Angso

5-6 Vasbyl
15— 4-4 Gosport
10 London

@ From Skempton &
Northey (1853)

Liguidity indax

From Leroueil et al., (1984)

Fig. 1.4 Sensitivity chart.
The sensitivity is generally regarded as the pat@membodying the differences of the
microstructures of the natural and the remouldey ¢Cotecchia, 1996). Schmertmann (1969)
defined “swelling sensitivity’S, as the ratio of the intrinsic to the intact swajlindicesC ¢Cs,

which may be a sensitive indicator of fabric angiiparticle bonding in the natural soil.

The enhanced resistance of natural clays (espechiljhly overconsolidated ) to
compression is also reflected in shear strengtitsatte located above the intrinsic State Boundary

Surface £BS defined by the Critical State Framework (Smitlalet1992; Burland, 1990).

Burland et al. (1996) observed that the ratio & tlormalized strength at the critical state
(DE/DF in Fig.1.5) could be useful in measuring th#uence of the material structure. They

highlighted also that the cohesion is a signifigeetameter of bonding and the ratio between the
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cohesion of the natural and reconstituted materragtt also be used to evaluate the structure
effect. In measuring the cohesion, the curvaturéheffailure surface of the natural material at

very small stresses should be taken into considerat

f G* by

Natural clay

v

Intrinsic state
boundary swface

From Burland, (1996)

Fig. 1.5 Comparison of natural and intrinsic stateboundary surface showing increased resistance to

compression and shearing.

1.2 One-dimensional compression behavior of soils

The compression of soil comprises the volume redoaue to the compression of all the
constituents (soil particles, pore water, pore etic,) and the consolidation corresponding to the
decrease of the pore volume (emigration of the paater). In this thesis, we consider only the
volume change due to consolidation. The underlgisgumption is that the soil in consideration is
well saturated so that it has very low undraineshm@ssibility. In this section, we limit our focus
on Ky, compression-oedometer tests, as they are conmaiifioconsidered in laboratory as
‘consolidation tests’. An oedometer consists obafining ring housing a tested soil sample and a
top cap with a porous stone through which pore wesm escape. The vertical load may be
applied by dead weights, pneumatic pressure, metorJUsually, only the vertical stress is known

in an oedometer test. For the horizontal directioves only know the imposed condition of zero
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normal strain; the horizontal stresses are expdeaselgo’,. There are two ways of applying
vertical loads: (1) (Conventional) step loadingistis the simpler, classical, standard method.
Vertical loads are increased in steps by, for exanguding dead weights. (Z2RS(Constant rate
of strain) loading: the vertical strain is incredse¢ a constant rate by means of a loading machine.
Therefore, thee - log(oy,) relationship is obtained continuously. The strate has to be small

enough to prevent any pore water rise during tmepcession (perfectly drained condition).

A detailed analysis should be made of the comprasisehavior of soils from oedometer
tests, investigating the effects of the soil sumuethrough comparison between the behavior of the
intact soil and that of the same soil in a rectugd state. The normalizing parameters commonly
used in the literature to analyze the effects nfcttire on the compression behavior of clays are
presented in the following section. When the siratibe effective stress space excesses the initial

elastic domain, the soil stiffness decreases stgmifly and the destructuration begins to occur.

1.2.1 Normalizing factors

Based on the results of the one-dimensional comjmedests of normally consolidated
reconstituted clays, Biarez & Hicher (1994) havespnted a diagram to normalize the sediment
curve of clays. Based on this diagram, we can ptetie compression inde®. at the given

Atterberg limits ¢v. andwp). This method will be discussed in Chapter 3.

Burland (1990) proposed to use insteadI®ie line (Intrinsic Compression Line), the term
‘intrinsic’ being applied to the properties of restituted clays. In what follows, the symbol *
will refer to the intrinsic properties of the ma#éds. The intrinsic compression curves for various
reconstituted clays in the- o', plane is shown in Fig.1.6. These curves can bmalired by a

normalizing parameter which is defined as the woitkx 1, which will be described in Chapter 3.
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Fig. 1.6 One-dimensional compression curves for vaus reconstituted clays.
The void index may be thought of as a measure efrttrinsic compactness of a sediment.
When |, is less than zero the sediment is compact, wherelasn |, is greater than zero the

sediment is loose.

Clearly, there is a close analogy between the waléx (= € — €,,)/ C'o) and the liquidity

index (= W —wp)/( W, —Wwp)). It is of the utmost importance to be clear abihwe difference

between these two indices. The void index is defime terms of two directly measured
mechanical properties €, and C'o) derived from a one-dimensional compression térst.

contrast liquidity index is defined in terms of twesentially empirical tests (the liquid limit and

plastic limit tests) both of which subject the doilextremely complex physical processes.

In terms of void index, versus logf'), it can be seen that a reasonably unique line is
achieved (Fig.1.7) which is termed the intrinsienpoession linelCL). The equation of thECL is
represented in Chapter 3. The available experirhemtdences suggest that the ICL is insensitive

to the test conditions.
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Burland (1990) fitted a regression line throughla¢ural sedimentation compression curves
given by Skempton (1970), and identified a uniqedi®entation Compression Lin8CL). The
SCLof the natural soils lies above thel as result of the structure developed by the nbsaits
during the sedimentation process and the distamteelen thelCL and theSCL called the
“sedimentation sensitivity"g), is a measure of the acquired strength of therabsediments with

respect to the strength of the reconstituted clay.

The differences between intact strength and intrisisength are due to two main factors: the
void ratio at failure and the soil structure (fabaind bonding) (see Fig.1.8). The influence of the
void ratio can be eliminated by a normalizing paggentermed the ‘equivalent intrinsic pressure’
0 ve It is defined as the vertical effective pressomethelCL corresponding to the void ratio of
the soil. Dividing the strength by the normal efiee pressure eliminates the influence of the

differences in void ratio as shown in Fig.1.9.
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Fig. 1.7 Normalized intrinsic compression curves ging intrinsic compression line.
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Fig. 1.9 Todi clay: results normalized by the equivient pressured’,. at failure.

1.2.2 Post-yield behavior

Hight et al. (1992) used the term ‘gross yieldidééer to the state, mentioned above, at which
the soil stiffness decreases significantly. Beygruks yield, the plastic strain increments become
substantially larger as a result of the degradatiotine soil structure. This structural degradation
is defined as ‘destructuring’ by Leroueil & Vaugh@d®90). Generally, a substantial change in the
hardening relationship occurs at gross yield, whécheflected in changes in the relationship of

both strength and stiffness with the consolidatign state. The locus of the gross yield states, in

both compression and shear, is thus likely to h@imant in modeling soil behavior.

HAN Jian (2014)
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Cotecchia & Chandler (2000) showed that an ovewaleted natural clay, if reloaded
one-dimensionally, exhibits gross yield as it resctheSCcurves (Y in Fig.1.10), at a stres',
which is close to the geological preconsolidatitnessa',.. This behavior may be exhibited by
either reconstituted or natural clays (paths Raid O-Y, Fig.1.10). Both types of clay return to a
sedimentation structure as they reach $tecurve. However, oedometer reloading of natural
undisturbed samples, or in situ reloading at annemging time scale, occurs at relatively high
loading rates compared with geological time-scates, resulting in the oedometer compression
curve falling below thesC curve (path Y-2). The oedometer compression curve will follow the
SC curve (path Y-Z if the sensitivity of the clay is low =~ 1.0 to 1.5), or if loading rates are
comparable to those of geological time. However,nynanatural clays will possess a
post-sedimentation structure that reflects somgetliesis, so that with oedometer reloading they
retain post-sedimentation structural elements aosstheSCcurve, moving some distance to the
right before gross yielding (path O-Y shown in Eidl). In this case, the post-sedimentation
structure still dominates the clay's behavior a¢st levels greater than the previous geological
loading. Hence, clays with a sedimentation strgcaitrgross yield will have a ‘yield stress ratio’,
(YSR=0'y/0'0, Burland, 1990) equal to the overconsolidatiomré®CR=0',/0'0). Clays which
retain a post-sedimentation structure at grosgl yielve a yield stress ratio which exceeds the
overconsolidation ratio. In general, the yield strenay be unrelated to the stress history of the
soil, and so for a natural clay it is the yieldess ratio, rather than the geological

overconsolidation ratio, which controls compressod strength behavior.

After gross yield (path Y-z, the sample follows a path steeper than $i@&2curve, its
gradient depending on the subsequent structurahgdsa It has been observed that the
compression curve after yield can converge towdhdsICL, demonstrating a “meta-stable”
structure that degrades with strains, or move akiige parallel to théCL, demonstrating the
presence of “stable” elements of structure thatndb degrade with strains. In Fig.1.12, the
compression curves of Boom Clay, with a meta-stabiecture, and Sibari Clay, with a more
stable structure are presented (Coop & Cotecclg85)l In Fig.1.13, the swelling sensitivity
indices, i.e.C'JCs, as compression proceeds are shown (Burland, 18853 result of structural

breakdown of Boom clay, the swelling curves of ititeact material tend to become parallel to the
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intrinsic swelling curve of the reconstituted sdl.soil can have both stable and meta-stable
elements, so that after yielding the compressiowecaf the natural material can bend downwards
towards thdCL, due to the breakdown of the metastable elembuats;an then stabilize on a line
which is parallel to théCL and above it due to the presence of stable elem€onbp & Cotecchia
(1995) suggested that the meta-stable elementdriuctise are likely to be associated with
bonding, while the stable elements are likely tsulefrom fabric. Baudet & Stallebrass (2004)
allowed stable and meta-stable elements of strectorbe modeled considering the intrinsic
proprieties of the soils, which do not require higressure tests on natural samples to be

performed.

SC curves

Natural clay

Reconstituted
clay

.
~

From Cotecchia & Chandler, (2000)

Fig. 1.10 The natural clay is simply overconsolidate
The vyielding state is demonstrated by a discortinin the stress-strain behavior under
monotonic stress changes. Yield of structure isadestnated by an irreversible post-yield change
in the stiffness and strength of the material. Jiedd stress is strain-rate dependent and increases
with the strain rate. This has been observed uttired clays (Lo & Morin, 1972; Sangrey, 1972;

Tavenas et al., 1978; Graham et al., 1983; Leraieil., 1985).
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SC curves

Natural clay
Reconstituted
clay

From Cotecchia & Chandler, (2000)

Fig. 1.11 The natural clay is overconsolidated witl post-sedimentation structure at gross yield.
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Fig. 1.12 One-deimensional compression behavior tife Sibari Clays.
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Fig. 1.13 Boom Clays.

1.2.3 Destructuration

Destructuration is related to the cumulative voltnmeand deviatoric plastic strains, the
“destructuration strains”, which can occur duringttb consolidation and shear stages. The
mechanism of destructuration depends on the diredf the stress path (Kavvadas & Amorosi,
2000; Baudet & Stallebrass, 2004) and on the fatfribie soil. The arrangement of the particles
influences the capability of the soil to sustainttdre one or the other component of the
“destructuration strains”. The influence of the temmponents of the destructuration strains is still

the subject of debate in the literature.

Leroueil & Vaughan (1990) pointed out that swellmgght cause changes to the structure of
some soils through disruption of interparticle biogdand yield, similar to that induced by
compression to very high pressures. Some sweltisig tvere carried out on Gault Clay (Samuels,
1975). In Fig.1.14, after loading up to 7000 kP&, first sample had become approximately twice
as expansive as the one only subjected to unlod@ifg . =0.166 and 0.098, respectively). And

the cyclic swelling and compression oedometeriseatwell adapted procedure to investigate the
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susceptibility of the clay to structural breakdowrhus, this loading process must lead to the
destruction of part of the bonding. Since the slopghe swelling curve of the intact material

typically starts changing as soon as the destratitur begins and is expected to be parallel to the
intrinsic swelling curve when the destructuratisrcomplete, we can use the swelling sensitivity

(C'JCy which could be argued to be more representativhbwing the evolution of the effects

of structure with stresses.
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Fig. 1.14 Gault Clay.

1.3 Factors affecting the tri-dimensional behavioof soils

When we perform static triaxial tests in the lalong the soil behavior is affected by many
factors, such as the sample dimensions, the fissoréthe sample, the anisotropic consolidation,
the strain rate, the membrane effect etc. In thigien, we limit our focus on the anisotropic

consolidation, the strain rate effect and the ofléissures. At the end of this section, we discuss

some factors affecting the strength at large strain
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1.3.1 Strain rate effects

Tavenas & Leroueil (1977) and Tavenas et al. (19#8%ented results showing the strain
rate effects on several parts of the limit stateyeuGraham et al. (1983) obtained similar results
from triaxial (in compression and extension) andlayeeter tests. Boudali (1995) studied the
strain rate effects along different loading pasimwing that the entire limit state was dependent
on the strain rate. More specifically, he showeat the limit state curve varies homothetically

with the strain rate, its shape remaining the same.

To characterize the influence of the strain ratetlom shear strength, Bjerrum (1973)
proposed that the undrained shear strength vdrgsstlinearly with the logarithm of the strain
rate. This relationship will be discussed in ChegteTo avoid the problem related to the spatial
variability of the natural clay characteristicsa@am et al. (1983) advocated performing tests with
relaxation phases and by-step changes of the satEn(Fig.1.15) to quantify the influence of the

strain rate.
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Fig. 1.15 Stress-strain curves for triaxial compresion tests at different rates.
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The strain rates used to investigate the strag dapendency appear often to be quite high,
especially for clays, and therefore undissipatedar-uniformly distributed pore pressures could
affect the data. Overshooting and undershootingctffare more evident in sand or dense gravel,
where drainage and pore pressure distributionteaseproblematic. In his thesis, Gasparre (2005)
showed that the measurements of the actual possyme became problematic at high rates of
shearing and even the mid-height probe was notffage these effects. From slow and medium
rate (less than 0.2%/min) shear tests on Londory, Clp to the maximum pore pressure, the
behavior of London Clay was insensitive to the m@dteshearing, but at faster shearing rates the
undrained strength of the soil increased. He olesethiat the failure strains tended to decrease
with increasing the rate of shearing, but the strait the maximum pore pressure were unaffected
by the rate of shearing. The author observed tlebthavior of the clay was influenced by the
negative pore pressures generated on the shea, glad at faster shearing rates the time for

equalization of pore pressure was smaller.

The undrained shear strength and apparent preadaisah pressure of soils decrease with
decreasing strain rate or increasing duration stfrtg. Preconsolidation pressures obtained from
one-dimensional consolidation tests and undraihearsstrengths obtained from triaxial tests are
just two points on a soil’s yield envelope in theess space. For a given metastable soil structure,
the degree of strain rate dependency of the pretidation pressure is similar to that of the
undrained shear strength (Soga & Mitchell, 1996)the apparent preconsolidation pressure
depends on the strain rate at which the soil isrdedd, then the same analogy can be expanded to
the assumption that the size of the entire yiekkkpe is also strain rate dependent (Tavenas &
Leroueil, 1977). The effective stress failure lioksoil is uniquely defined regardless of the
magnitude of the strain rate applied in undrainechression (Nakase & Kamei, 1986). The rate
dependency of the undrained shear strength desredte increasing overconsolidation, since
there is no contraction or collapse tendency oleseduring creep of heavily overconsolidated
clays. Sheahan et al. (1996) prepared reconstigspedimens of Boston blue clay at different
overconsolidation ratios and sheared them at @iffestrain rates in undrained conditions. The
results show that the undrained stress path anstittiegth were much more strain rate dependent

for lightly overconsolidated clayO(CR=1 and 2) than for the overconsolidated cl@CR=4 and
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8). The results also show that the shape of stnefagiire envelope is independent of the strain

rate.
1.3.2 Effect of fissures

Some materials have natural discontinuities, whiach often the result of stress release

arising from some geological processes (Skemptah,et969).

Biarez & Hicher (1994) showed that during one-disienal unloading, the ratio K &'/a',
increases and at a given point the horizontal stebecome greater that the vertical one.and it is
possible to reach the plastic limit (point P in u¥ig 1.16). This plastic unloading is often
accompanied by the beginning of cracking. As a egusnce, highly overconsolidated clay can

present in situ intensive fissuration sometimes orere than 10m in the upper part of the clay

layer.
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Fig. 1.16 Clay behavior during 1D unloading.
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In this thesis, the Flanders clay in Merville hasimilar geological history as the London
clay. Hence, we present here the description offiggires in London clay. London clay is
categorized as an overconsolidated, fissured d#ff of high plasticity. The fissures in the clay
have relatively small sizes, with a typical lengtHess than 15 cm. The fissures generally become
smaller, their number per unit clay volume incrsaard their spacing becomes smaller towards
the ground surface. The fissures typically havet satfaces, implying no trace of shearing along
them. This is also supported by the fact that nangle in orientation of the clay particles was
recognized when observed with a polarizing micrpscd he surface shape can be either planar or

conchoidal (Nishimura, 2005; Molenkamp, 1998; B{sh1966).

Fissures seem to increase the permeability of ttenmal, even if they are apparently closed

and are thought to be responsible for the so-cabuple size’ effect on strength measurements.

Fissure influence is a problem difficult to quayntifecause it involves both the form of the
fissures and their spacing, their length and caitiont. Fissures affect the overall behavior of the
clay, particularly its failure characteristics. tlre case where the rupture occurs along a fissure,
one obtains a lower limit of the shear strengthujfture occurs within the intact soil mass, an
upper limit of the shear strength is then obtairesl,showed in Fig.1.17 (Ward et al., 1965).
Skempton (1964) suggested that, in addition to aeduthe London clay strength and allowing
the clay to soften, the fissures cause conceniatid shear stresses which locally exceed the peak
strength of the clay and lead to progressive failMarious studies have been conducted on the
influence of fissures on the geotechnical charaties of clay, in particular by Skempton & La
Rochelle (1965), and Skempton et al. (1969), whmwsld that, unlike the shear strength which
can decrease by 20% to 30%, the internal frictiogleais not very much affected by the presence

of fissures.

Hieng (1991) indicated that the remolding of thengkes during the sampling operations and
preparation of test specimens occurs in two wasglyf, a mechanical distortion and, secondly, a
stress relaxation at the peripheral part of thepdaumAnd this stress relaxation can lead to a
modification of the initial stress system. This pbmenon is even more harmful for a fissured
clay, because the stress relaxation can induceptheing of the existent fissures, and also leads to

the creation of new fissures. The geological forombf Flanders Clay has been subjected to
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significant unloading. So there is a good reasoihiok that Flanders Clay has an extensive
network of fissures. But it should be noted that-gxisting fissures in a clay sample can influence
its shear strength; in most cases there is thedkom of new fissures or widening of old ones,
whereas certain are closed during shearing. Thikesat difficult to complete analysis of

laboratory tests, especially for undrained testse Towest values of the shear strength are
obtained on specimens with a fissure whose orientabincides roughly with the fracture plane,

whereas the maximum values of the shear strengtbletained from specimens without fissures.
Intermediate values of resistance are obtained sdthples having a variety of micro-cracking.

This classification of the shear strength accordimghe fissure network can also be seen in
Fig.1.17 (Ward et al., 1965). Josseaume (1998) sHatvat the shear strength of the fissured
samples is much lower than the remoulded sampldsbioratory and in-situ tests on Flanders
Clay. And based on the results of triaxial testgng (1991) noted that the behavior of the

Flanders clay can be based on the sketch in Figy.1.1
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From Ward et al., (1965)
Fig. 1.17 Effect of fissures on laboratory stress+stin characteristics.
In Hicher & Shao (2002), Biarez & Hicher collectadd compared test results obtained by
Bishop et al. (1965) on London Clay and Josseau®@8) on Flanders Clay shown in Fig.1.18.

They stated that these two clays, close in themenalogy and geological histories, can be
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distinguished by the depth at which the tested &snpere taken: 20 to 40 m for the London

Clay, less than 10 m for the Flanders Clay.

This aspect affects the triaxial test results olgdifor each material. The Flanders Clay has
lower as well as more scattered values of maximuemgth, due to the fissuration induced by the

decompression which helps the strain localizationngd) the loading.
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Fig. 1.18 Drained and undrained triaxial tests onlie Flanders clay.

1.3.3 Large strain strength

Skempton (1964) examined the shear strength ofvarconsolidated clay by carrying out
slow drained tests, in which the clay was subjettedisplacement amounting to several inches
(Fig.1.19). Under a given effective pressure, tligr definite limit to the resistance the clay can
offer, and this is the ‘peak strength. In ordinary practice the test is stopped shaftgr the
peak strength has been clearly defined, ansd referred to simply as the ‘shear strength’hef t

clay under the given effective pressure. If, howetlee test is continued, then we find that as the
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displacement increases so the resistance or dtrefighe clay decreases. But this process, which
may be called ‘strain-softening’, is not withounit, for ultimately a certain ‘residual strengty’

is reached which the clay maintains even when stdajeto large displacements.

Based on the above work on residual strength byntan, Lupini et al. (1981) introduced
three modes of residual strength. (1) The turbuteode occurs when behavior is dominated by
rotund particles, or, possibly, in soils dominatey platy particles, when the coefficient of
interparticle friction between these particles ighh Residual strength is high, no preferred
particle orientation occurs and brittleness is tudilatant behavior only. (2) The sliding mode
occurs when behavior is dominated by platy, lowtion particles. A low-strength shear surface
of strongly orientated platy particles then devslophe residual friction angle depends primarily
on mineralogy, pore water chemistry and on the fmdent of interparticle friction. A shear
surface, once formed, is not significantly affecbgdsubsequent stress history. Brittleness during
first shearing is due primarily to preferred pdeiorientation. (3) The transitional mode occurs
when there is no dominant particle shape, and wegoturbulent and sliding behavior in different
parts of a shear zone. The properties of the saiésidual shear change progressively across the
transitional range from those typical of turbulehear to those typical of sliding shear. Based on
an analysis of a range of British clays, Vaughaal et1978), proposed the plasticity indg»as a
useful parameter to divide soils having turbulenslaing behavior. They observed that for soils
with 1,<25% the shearing behavior was prevalently turbiufen soils withl, >30% the shearing

behavior was sliding.

Gasparre (2005) pointed out that, although theeenaany examples of soils that fail to
respect this relationship, as other parametersalsie involved, in general terms the undrained
strength of low plasticity clays is controlled hetwater content, as these soils undergo turbulent
shearing and their behavior in an overconsolidatate is basically ductile. Plastic clays, instead,
undergo sliding shearing, so their peak undrainegbss is controlled by the initial stress before
shearing and their shearing behavior in a overdmizged state is generally brittle (Fig.1.20,
Gasparre, 2005). The brittleness is thought tougetd the presence of bonding, as this increases

the peak strength of the material, but has no@nite on the large strain strength.
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Fig. 1.19 Cyclic stress ratio (CSR) versus numberf gycles to liquefaction (N) for simulated samples

t :(O'a'O'r)/z

Stiff sandy clays
Cu =f(w)

o

s' =(0'ata'r)/2

.\
&

Stiff fissured plastic clays
Cu =f(p")

t :(O'a'()'r)/z

(b) s' =(0'a+0")/2

From Gasparre, (2005)

Fig. 1.20 Idealized undrained shearing behavior afverconsolidated clays with (a) low plasticity andb)

high plasticity.
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Burland (1990) defined the strength correspondinthé post-peak plateau as “post-rupture
strength” of stiff clays, which is believed to et remaining after breakage of interparticle bonds
(Fig.1.21). Burland et al. (1996) observed thatgbst-rupture strength envelope tends to lie close
to the intrinsic critical state line of the reconged material. In stiff clays, the localizatioh o

strains is thought to be the consequence of tagstoftening.

T
PEAK
Iy,
H
. |
v
3 POST-RUPTURE
T
L
!
‘ 5 4 N, RESIDUAL
i W
i PARTICLE
RE-DRIENTATION
strain * dispiacement
T

PEAK,

FISSURE
POST-RUPTURE

POLISHING ¢
\DRFENTA'TJON

RESIDUAL

From Burland, (1990)

Fig. 1.21 Strength of stiff plastic clays.

1.4 Behavior of clay subjected to cyclic loadings

Strength decrease may occur in a saturated sgiécted to cyclic loading of waves, wind
etc. The amplitude of the cyclic load on the fouimasoil can be only dozens or hundreds of

kilopascals, which does not lead to the destabitineor a large displacement of the foundation.
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But it has been recognized that the behavior d§ suibjected to repeated cycles of loading and
unloading may differ considerably from its behawdoring a single loading cycle. There are many
situations in which the duration of the seriesaafding cycles is such that little or no drainage of
the pore water can take place during the periattefepeated loading, which will make the pore
pressure increase and as a result, the bearingityapfithe foundation can become significantly

lower. It is therefore useful to study the effeatsepeated loading under undrained conditions in

the laboratory.

Many studies on the behavior of clays under cylolaing in the laboratory have been done
during the last four decades. Clay behavior has Istedied under constant stress and constant
strain amplitude cyclic loading, both one-way amdo-vay loading, under isotropic and
anisotropic consolidation stress, using triaxiadl @mple shear apparatus (Sangrey et al., 1969;

Sangrey & France, 1980).

Seedd & Chan (1966) have performed earthquake tedestudies of clay strength under
cyclic loading conditions, which is the very eatiterature about the behavior of clay under
repeated loading. After gathering a large quamttiests results, Boulanger & Idriss (2006) have
proposed some new criteria for the liquefactiorfioé-grained saturated soils. Monotonic and
cyclic undrained loading behavior for saturatedsseere reviewed, from which they showed that
there is a transition in fine-grained soil behavimm behavior that is more fundamentally like
sands (sand-like behavior) to behavior that is nionglamentally like clays (clay-like behavior)
over a fairly narrow range of plasticity indicég)( For practical purposes, clay-like behavior can
be expected for fine-grained soils that hdye7. For evaluating the seismic behavior, it is
recommended that the term liquefaction be reseiwedescribing the development of significant
strains or the loss of strength in fine-grainedssekhibiting sand-like behavior, whereas the term
cyclic softening failure be used to describe simpaenomena in fine-grained soils exhibiting
clay-like behavior. Boulanger & Idriss (2004) adsted that the sensitivity of clay is a very
important factor affecting the cyclic softeningaddy; thus the clay with a high overconsolidation
ratio and low sensitivity will not produce signiict engineering problems even under strong

earthquake condition. They have done a very congm®lie work on clay strength under
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earthquake loading, which has important referentidle for launching a study on the clay cyclic

strength under wave, wind and traffic loading.

To obtain the knowledge about strength and defoomgbroperties of soils subjected to
cyclic loading for the foundation design of gravjtlatforms installed on offshore oil and gas
fields, Andersen et al. (1980,1988) and Anders@®942 have done a comprehensive research on
the behavior of Drammen clay under repeated loaiditige laboratory. The tests results show that
there are various factors affecting the cyclic glagperties, such as the type of test (e.g., tlaxi
or direct simple shear), the average and the cwlhigar stresses, the overconsolidation ratio
(OCR etc. They used an effective stress analysis naodetrate the differences between the static

shear strength with and without previous undrainyadic loading.

1.4.1 Shape of the cyclic loading

In this thesis, we focus on stress-controlled testsich include symmetrical and
non-symmetrical loading tests (Fig.1.22). Cyclstsealso can be divided into one-way cyclic tests
and two-way cyclic tests. Defined in Biarez & Hici{@994), one-way test in whialpis cycled
between zero angl (Fig.1.22 (b)) shows a significant plastic strdiming the first cycle. Wheq.
>0, the tests are in compression, and wiew0, those are in extension. In two-way cyclic test
each cycle, consisting of alternating axisymmetompression and extension, involves a sudden

90’ change in the directions of the major and minargipal stresses as they interchange.

Early studies on the cyclic strength of clay beganconnection with pavement design
problems. Traffic loads that produced shear stmdsations in the ground were generally
simulated by repeated compressive loading on #iaeist specimens in the laboratory. These
repeated loads were applied as repeated axial essipn loading to an isotropically confined
sample. The sample responded by straining a certaount in the compressive direction and then
recovering a lesser amount with each cycle wheratt stress was reduced to zero. Continued
load repetitions generally led to a continued caspive strain accumulation and, in some cases,
to an actual shear failure of the specimen. le@&soned that for the earthquake problem, the cyclic
stresses should reverse rather than always loadionge direction. And cyclic loading tests on

clays for earthquake stability analyses began topédormed using symmetrical reversing
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stresses. The practice has continued to the presehthas been extended to the problem of

stability of offshore structures subjected to wknaaling.

Hicher (1979, 1985) indicated that during two-wagding the cyclic strain is predominant
and the average shear strain is small, whereasglornie-way loading the average shear strain
prevails in spite of cyclic shear strain being dmahd the effect of two-way cyclic loading was
found to be considerably more severe than thahefdne-way cyclic loading. The permanent
shear strain and excess pore pressure in clayapewsbre rapidly under two-way cyclic loading
than under one-way cyclic loading. These tendensiggiest that clay samples under two-way

loading tend to proceed towards the critical staséer than in the case of one-way loading.

Y [
fﬁviﬂﬂﬂ

(c) (d)
From Hicher, (1979)

Fig. 1.22 Test conditions: (a) symmetrical loadingesst, (b) non-symmetrical loading test (one-way cyicltest),
(c) non-symmetrical loading test §.; and g., have the same sign) and (d) non-symmetrical loadjrtest @1

and g, have the same sign).
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1.4.2 Stress level

The laboratory cyclic tests are conducted to siteukhe in-situ stresses as closely as
possible. Then the general behavior of soils sidjeto the combination of an average static
stress and a cyclic stress. In this thesis, basdeigh1.22, the average static stress is defined by
Om=(0c1+0c2)/2, and the cyclic stresp,=(0c1-0c2)/2. Hyodo et al. (1994) have performed a series of
undrained cyclic triaxial compression tests on ghhplasticity marine clay. The testing was
performed using various combinations of initialtisteand subsequent cyclic shear stresses on
isotropically and anisotropically consolidated spems. For adding the initial static shear stress,
they did not use thK, consolidation but use another method: a perio84ohours consolidated
anisotropically by applying a static deviatoricess at a constant effective mean principal stress i
the triaxial cell. They indicated that the clay layshear strength decreases with increasing the
initial static deviatoric stress. And a unique hyjmdic relationship of the peak axial stragp

(Fig.1.23) and the effective stress ragip(= (Qm+dcy)/P’) is given by the following equation:

an,

g =—>"—
l_np /”ull

p

(1.1)

where 14 is the slope of the initial tangential line of ther, curve andy, is the value of 17 at
the asymptote of the hyperbola in Fig.1.24. Whea given stress cycle, the effective stress ratio

17, can be obtained, then the peak axial strain ikiated by substituting, into Eq. (1.1).
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From Hyodo et al., (1994)

Fig. 1.23 Schematic diagram for peak axial straig, and corresponding effective stress ratigy, at an

arbitrary cycle during cyclic loading.
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Sangrey et al. (1969) has shown that at cyclisstlevels below a certain magnitude called
the critical level of repeated loadin@l(RL) the clay would develop strain until a state of
equilibrium is reached. Hicher (1979) indicatedt ttids state is a stabilization of the material in
the cyclic domain. At this stage, a closed hyster&sop occurs with subsequent cycles. That
means after a great number of cycles, we note stiains and pore pressures will be almost
constant (Fig.1.25). And Yudhbir & Rehman (197 Aydhdrawn the equilibrium lines for one-way
cyclic tests on normally consolidated clay, in wh&ach point corresponds to a one-way test at a
given cyclic stress value at the state of equiibri(Fig.1.26). The critical cyclic stress ratio
0d/0max IS defined herein as the maximum cyclic stresgeshs line divided by the maximum
shear stress in a static compression test. Theydfthat the critical cyclic stress ratio increased
when the consolidation pressure increases, whedaagrey et al. (1969) and Hicher (1979)
indicated that this ratio is constant, independsrihe consolidation pressure. For cyclic stress
ratios above the critical cyclic stress ratio, isaand pore water pressure increase continuossly a

the number of cycles increases.
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Fig. 1.24 Relationship between peak axial strain aheffective stress ratio during cyclic loading.
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Fig. 1.25 The relationship between the number of cies and the cyclic strain with different values otyclic

deviatoric stresses. Triaxial symmetrical loading tst at normally consolidated Black clay.
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Fig. 1.26 The equilibrium lines for a normally consbdated clay.
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1.4.3 Failure criteria

The semantic problem of defining failure in a cydibading test has not been specifically
solved, and the proposed definitions have not hesversally accepted. Some early publications
are vague about the failure criteria used, whileert use several different criteria. On some
occasions, when pore pressures have been meathwettjtical factor appears to be whether or
not the repeated loads lead to a pore pressuréupuithich brings the soil to the effective stress
failure envelope. If the stress level is below tr#tical level of repeated loadingCLRL),
nonfailure equilibrium is reached, closed stresaisthysteresis loops are measured, and the final
soil behavior is essentially elastic. On the cawird above the critical level of repeated loading
the effective stress failure envelope is reacheah@®y et al., 1969). For sand soils, pore
pressures are usually measured, and this enablefeative stress failure criterion to be defined,
for example, the condition of zero transient effexistress (Seed & Lee, 1966). However, clay
behavior under undrained cyclic loading is more plax than sand behavior, because of its
dependency on such factors as time-dependent argkpreconsolidation periods which can be
overlooked for the cyclic behavior of sand. Therefdo avoid difficulties involved with defining
failure in terms of effective stress, failure arigefor cyclic tests have been defined in terms of
cyclic strain amplitude for both sands and claysridus criteria have been used in different
studies ranging from abou®.5% single amplitude cyclic strain to 20% doultepéitude cyclic

strain in the cyclic stress controlled laboratastt

Hyodo et al. (1994) proposed that when the doubiplitude cyclic strainga or the peak
accumulated axial straig, reaches 10%, failure occurs. This failure criteris based on the
results in Fig.1.24, where the asymptote of theehlyplic relation is obtained fag,=10%, which
does not mean that the effective stress reachefithee envelops in the'-q plane. Yasuhara et
al. (1992) pointed out that when the double amgéticyclic strainga reaches 5%, failure

happens.

Andersen et al. (1980, 1988) and Andersen (200zp)gsed that failure under cyclic loading
may occur either at large cyclic strains, large licatly induced average strains, or at a
combination of the two. If the combination is subht the stress path during one cycle is close to

the failure lines both in compression (active) axtension (passive) sides, cyclic shear strains
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will be predominant. If the stress path is muchsetoto one of the failure lines, average shear
strains will be predominant. Whether the averageasistrain will be compression or extension
depends on which of the failure lines is approactiedng cyclic loading. Thus the failure is
defined as either an average shear stiginof 15% or a cyclic shear straip,, of 15%. Andj,
=0.50fmax + Mnin)s Yoy =0.5(fmax — Win), Where Jax and jmin are the maximum and minimum shear

strains within the cycle.

As mentioned above, there are different failuré¢eda. Nowadays, the failure criterion
adopted for interpreting the laboratory test datsstmbe considered to be somewhat empirical,
especially for cases where failure does not invalwudden collapse or sudden change from very
low to very large strains within a few cycles. Neheless a specified cyclic strain is required to

be the failure strain criteria during cyclic loagim the laboratory tests.

Based on the analysis of test results on Drammeyy éindersen (1988, 2004) proposed to
construct synthetic diagrams to interpret the di/drehavior of clays subjected to cyclic loads.
These diagrams include the relationship betweegybéc and permanent shear stresses at failure,
the relationship between cyclic and permanent sseasses, number of cycles, and shear strains
as shown in Fig.1.27 (a), Fig.1.27 (b) and Fig.1(@) (0., and g represent the cyclic and
permanent deviatoric stresses, respectiviglyy represents the maximum stress in compression

tests ana'y is the effective confining pressure).

Based on Fig.1.27 (a), if the combination of thelicyand permanent deviatoric stresses is
given, one can predict the number of the cyclegitare, N, and the cyclic and permanent shear
strains. (In Fig.1.27 (a), the points with the sasgenbol have the same cyclic and permanent
shear strains.) The cyclic and permanent sheansted this given number of cycles can also be
predicted in Fig.1.27 (b). For symmetrical cyclaadling tests, the variation of the cyclic shear
strain with the number of cycles is the main aspestudy. Each curve with a certain value of the
cyclic shear strain as functions of the number yfles is shown in Fig.1.27 (c). The failure
envelope indicates that, at a given number of sydlee sample would fail if the value of the
stress leveb,/gmax is above the failure envelope. Otherwise, the sauwl not fail. Thus, this

diagram can be used also to estimate the equitibsitate.
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Fig. 1.27 (a) Number of cycles to failure, Nand shear strain at failure,ymtye,, (b) cyclic and permanent
shear strains after a given number of cycles, N=1&nd (c) cyclic shear strain as function of numberfocycles

with g, =0 in triaxial tests on Drammen clay with OCR=4 .
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1.4.4 Post-cyclic static shear strength

An important group of geotechnical engineering pots requires the knowledge of the peak
strength of soil after a limited number of repedtetling cycles. These problems include: loading
of structural foundations after earthquakes, dtgbif slopes and foundations experiencing
environmental loading by wind and waves, loadingaifs by traffic and changes in the ultimate
capacity of driven piles. Since the time intervatveen a repeated loading history and a
subsequent loading may vary, the strength immdgliatiter repeated loading and the strength

after a period of drainage are of interest.

The post-cyclic static shear strength can be déteanin the laboratory by subjecting the
specimens to cyclic loading followed by static lwadup to failure. The ratio of post-cyclic over
pre-cyclic undrained strength is generally consideto be related to the ratio between the
maximum axial strain developed during cyclic loafiig,) and the axial strain at rupture during
pre-cyclic monotonic loadings(). Lee & Focht (1976) and Thiers & Seed (1969)éatkd that if
the ratio,&/&s, is less than 0.5, the post-cyclic undrained giiteroes not have any significant
difference with the pre-cyclic undrained strendgiitherwise, if this ratio is more than 0.5, the
post-cyclic strength will decrease, and much grethie straing, is, more the post-cyclic strength
decreases (Fig.1.28). Diaz-Rodriguez et al. (280Qpested that the undrained strength ratio is
related not only to the maximum axial strain duroyglic loading, but it also depends on other
cyclic loading parameters, such as the cyclic stlegel, the number of cycles, the residual strain
and pore pressure induced by cyclic loading. Thieence of the cyclic stress level is shown in
Fig.1.29. The failure ratidd=(q./gmay) defined as the deviatoric stress at failure aftgrlic

repeated loading divided by the static maximum akevic stress.

Andersen et al. (1988) and Andersen (2004) stéigdthe undrained bearing capacity of the
soil may be significantly lower for cyclic than fatatic loads. The undrained static bearing
capacity of the soil may also be reduced by cyideding. To analyze the foundation design
problems, it is necessary to determine the streagththe deformation properties from laboratory
tests where the loading conditions of the variaisetements are simulated as closely as possible.
With the existing types of laboratory equipmentisinot possible to simulate all these different

loading situations. However, triaxial and direchgle shear[S§ tests represent some important
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conditions, and when performed at various comhanatiof average and cyclic shear stresses, the
results from these tests provide valuable inforomatabout the cyclic soil behavior. If the
preceding cyclic loading caused large cyclic shatain in triaxial orDSStesting, the specimens
suffer a significant reduction in the static shst@ength. This is in agreement with previous test
results. Tests with small cyclic, but large averabear strains during cycling loading may also

experience a reduction in the subsequent statar Steength.

In his study, Andersen (1988) showed that, althatighpost-cyclic undrained strength may
be effected by the cyclic loading, the effectivess strength parametecsand ¢, do not seem to
be influenced by an undrained cyclic loading in thse of overconsolidated clays. For normally
consolidated specimens, however, the post-cychticsstress path passes the failure line for
normally consolidated clays and approaches thar@aline for overconsolidated clay, indicating

an increase in the post-cyclic cohesion interaggEig.1.30).

Strength rati
o
(6]
T

0 o5 1 15
Cyclic strain ratio

From Lee et al., (1976)

Fig. 1.28 The stress ratio of post-cyclic and pre-ciic undrained strength versus the cyclic strain réo.
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Fig. 1.29 Failure ratio versus cyclic stress ratidf R <0.8, post-cyclic strength has not significardifference

with pre-cyclic strength.
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From Andersen, (1988)
Fig. 1.30 Effective stress paths for undrained statitriaxial tests with and without previous undrained cyclic
loading at Drammen clay.
It is generally accepted that the failure of saitgler repeated loading is a consequence of the
accumulating excess pore pressure during cyclidihga In one early effective stress study of
clays, Sangrey et al. (1969) showed that the afitevel of repeated loading separates the higher

cyclic stress levels, which develop sufficient esscgore pressure to reach the effective stress
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failure condition, from the cyclic stress levels ighh reach a non failure equilibrium. They

proposed that the excess pore pressures accumtgageplilibrium is related to the cyclic stress

level and that, when presented in an effectivesstrgpace, these equilibrium effective stress
conditions define a locus called the equilibriumeli(Fig.1.26). Brown et al. (1975) reported that
repeated loading on very dilative (heavily overadiaggted) clay specimens resulted in small
accumulations of excess negative pore pressuresegoently, the critical level of repeated

loading is not very different from the conventionaidrained shearing resistance. France &
Sangrey (1977) presented the results of cyclicifgachcluding drainage intervals and showed
that when normally consolidated and lightly oversmiidated clays are loaded in this way they do
not fail under repeated loading but, instead, tlaewcontent decreases and the critical level of
repeated loading increases. For heavily overcotest@ld clays, however, the repeated loading

with drainage results in significant strength dasee

We can summarize that the most dramatic effecepéated loading on most saturated soils
is a loss of strength or failure after some numdfdoading cycles. The potential for strength loss
and failure increases as the level of cyclic stiesseases and lower levels of undrained repeated
loading do not produce failure even under a langalrer of stress cycles. But we should note that
the test results presented by Brown et al. (1995 silty clay showed that even aftef t9cles,
permanent strain was continuing to build up atgaificant rate in nearly all the tests, but failure
had not occurred in most of the samples. Henchkiréain repeated load tests could occur after
large number of cycles, in excess of,ifhe maximum applied in these experiments. This is
contrast to earlier findings concerning small numbiestress levels for which failure condition

were more easily defined.

1.4.5 Influence of OCRs and load frequencies

Most of the results found in the literature aremmmmally consolidated clays. Nevertheless,
there exist several previous researches on theleimfe of OCR especially for heavily

overconsolidated clays, concerning the mechanicgdgaties under cyclic loading.

In the article of Wang & Cai (2008), the effectsastumulative plastic strain on degradation

characteristics of Hangzhou saturated soft clayjestdd to undrained cyclic loading are
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investigated at different overconsolidation rai@R=1, 2, 4, 8). The result is that as th€RIs
increased, the number of cycles at failure increa3éat means that the overconsolidation
improves the cyclic soil strength. This conclusieralso observed in the article of Vucetic &
Dobry (1988), and they indicated that the clay’'sdoias degradation with the number of cycles is
affected by theOCR even a moderate change of the overconsolidatitio has a significant

effect on the rate of modulus degradation.

The overconsolidated samples have a different cydehavior than the normally
consolidated samples. In general, at the sametieBeconsolidation stress, the samples with
higher overconsolidation ratios are stronger uriyetic loading. These results were obtained at
low to moderate overconsolidation ratid®@QR=1, 2, 4, 8), but there are few studies on heavily

overconsolidated clayJdCR>10).

Thammathiwat & Chim-oye (2004) indicated that thgclic strength increased with
increasing of loading frequencies for a given auinfj pressure but excess pore pressure
decreased with increasing of loading frequenciéest lal. (2011) stated that, for a give number of

cycles, larger shear strains are generated at liveguency.

Due to the invariable confining pressures and iiaéde loading frequencies for the nautral
and reconstituted samples of Merville clay, respebt, the effects ofOCRs and loading

frequency are not the emphasis of this study.

1.5 Structure of the thesis

As mentioned above, most researchers have perfocgaid tests with hundreds, thousands
or nearly ten thousands cycles, few have appliegetanumber of cycles (hundred thousand or
even a million cycles). Therefore, we will centeiststudy on the effect of a very large number of

cycles on clay samples.

This thesis consists of six chapters. Following ttihapter of analyzing previous studies on

the subject, the aims of this research are predente
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An introduction of Merville clay is presented in &ter 2. The physical properties of this
clay are obtained in the laboratory and complentebie results on Flandrien Clay obtained in

other studies.

In Chapter 3, the test procedures, from samplingtdtic triaxial testing, are described. The
one-dimensional compression behavior of Mervillaycis analyzed. Discussion about the effect

of overconsolidation and bonding in natural clagdasme based on our test results.

Chapter 4 describes the static triaxial test progesifrom sampling to testing. The analysis
of test results is presented. Again, the effechigh overconsolidation ratio and bonding are
analyzed by comparing natural and remolded samgflbe. effect of initial fissuration is also

discussed.

In Chapter 5, both the natural and reconstitutedpsaes of Merville clay are used to perform
cyclic triaxial tests. The analysis and discusgmrmthe results of cyclic tests with a great number

of cycles of Merville clay are presented.

Finally, Chapter 6 gives the conclusions obtainedtliis research and presents the

perspectives.
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2 Physical properties of Merville clay

2.1 Introduction

The samples of Merville clay used in the presestaech were collected at Merville, in the
local airport area where previous geotechnicalstigations have already been conducted (Ali et

al., 2010; Canépa et al., 2002; Ferber & Abraha622.

In this chapter, an overview of the geological atpef the Merville clay will be presented
for a better understanding of how the geologicaidny can influence the mechanical behavior of
this soil. The material lies within the Flanderaycteposit located in the northern Europe. Silts of
low to medium plasticity are found at the test &itea depth of about 2.4 m underlain by a highly
plastic and overconsolidated clay layer (Fig.2The Merville clay used in this study is located
beneath the depth of 3 m in agreement with previtudies (Ali et al., 2010; Canépa et al., 2002;

Ferber & Abraham, 2002). The water table is alsouaB m below the ground level.
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T _ -
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10.0m g R
0 200 km
—

From Ali et al., (2010)

Fig. 2.1 Location of Merville site.
The Merville clay is of marine origin. It is recagad as an overconsolidated stiff clay of
high plasticity. It presents fissures in its toptpgccording to the process of sedimentation. The

clay lying at the Flanders Region was depositetthénY presian (early Eocene of the tertiary era)
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in a marine gulf stretching across the whole awaish are now located at the northern France,
Belgium and the southeast of England. So the Merelay has some similar behavior with the
London clay. It was then covered by tertiary seditaBon which continued until the Pliocene.
The soil surface then stood probably about 200nvalibe present surface of the clay. The
formations overlying the clay and the top of it wdater eroded. This erosion process was
sustained to Quaternary, by the depositing of thadfian alluvial deposits on the clay remaining
in place which has an effective vertical stress mimver than that was applied during the
Pliocene. So the clay is known as a stiff, heawirconsolidated clay (Josseaume, 1998). The

over-consolidation ratiocdCR ) is estimated about 30 (see Chapter 3)

Its dominant clay minerals are illite and montmorilte, with subsidiary kaolinite. Although
the clay fraction and Atterberg limits vary slowdith the depth, the clay fraction is typically
around 20% ~ 40% in clayey facials and the plagticidex|, varies around 40 ~70. This chapter

will review its geological and physical aspects.

The geology of the Merville clay is important teetpresent study in some regards. Firstly,
knowledge of its geological history is useful whestimating the stress-history of the clay. The
influence of the stress-history on the yielding debr of soils is relatively well known, and the
possible role of recent stress history on stiffnesaracteristics has attracted attention in recent
years (e.g., Josseaume, 1998; Borel, 2000). Imptteg to reproduce the in-situ behavior of the
Merville clay, its stress-history cannot be ignor&écondly, the lithology of the Merville clay
exhibits certain variations in the two directionsrtical and horizontal). Since one of the primary
objectives in the present study is to investigatesa@ropy across the vertical and horizontal

sections, this understanding is also essential.

The present chapter is concerned with the geneadlifes of the Merville clay. The specific
description of the materials tested in this studyl wiso be provided in this chapter. The

mechanical properties of the Merville clay will Biscussed in later chapters.
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2.2 Physical parameters of soil at Merville and sbprofile

In 1986, some identification tests on Merville cleare performed by Borel (2000). He
summarized the test results and presented the raatges for each parameter in Table 2.1. Later,
Reiffsteck (2003) carried out also water content gkiterberg limits tests. The obtained
parameters are presented in Table 2.1. The valugater contents agree with those measured in

1986, whereas the liquid limit and plasticity indshow a large decrease.

Table 2.1 Identification parameters of Merville clay(Borel, 2000).

w W, Ip Clay size CaCQContent G

%) (%) (%) content (%) (%) s
Merville

27~33 86~98 58~69 30~40 6.8~8.8 2.74~2.75
(1986)
Merville

32.3 69.2 40.5
(2003)

2.2.1 Grain size distribution

The previous studies have shown that the valuéagfaontent was about 30% to 40%. In our
study, the sample is taken from the borehole SGR2dwpth of 7.5 m. Mortar and pestle are used
in two times to break the clay sample into veridiparticles, even into powder. Each step takes
more than two hours. Then, the very little pestpedticles are placed in a wide-mouthed flask
with distilled water. Appropriate quantities areoab30 g for this clay. The amount of water used
is about 200 ml. The mixture is shaken thoroughdiil wall the soil particles are in suspension.
This mixture is then placed in a constant tempeeataom for seven days. During these seven

days, the mixture will be shaken for about 5 tariifutes each day.

After this sample preparation, the method of sediometry (with 5% of
hexameta-sodium-phosphate to avoid flocculatiord haeen used for obtaining the clay size

content. The apparatus is presented in Fig.2.2.

The particle size curve of Merville clay taken & ¥ is presented in Fig.2.3. The previous
results for other samples at different depths (d4.&nd 9 m) are also shown in this figure. Based
on Fig.2.3, the clay size contert@.002 mm) of the Merville clay is about 26% whiehédss than

that presented in Table 2.1. But those resultsoatsly depend on the preparation method.
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Fig. 2.2 Apparatus for sedimentometry.

Percentage passing (%)

:L -0-SC2 7.5m
7777777777777 . =9m (Borel,2000) | 10
| | —4— 4.5 m (Borel,2000) 0
0.001 0.01 0.1

Diameter (mm)

Fig. 2.3 Calculation scheme in distinct element miebd

2.2.2 Specific gravityGs

The specific gravity of the tested material is nueed by the pycnometer method

(Fig.2.4).The measured specific gravities of sowié samples at different depths are shown in

Table 2.2.
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Table 2.2 Specific gravity of the samples from difi@nt depths.

Depth below ground

level Specific gravityGs
(m) Borehore of Borehore of Borehore of
SC1 SC2 sC3
0~1
1~2 2.65 2.68 2.75
273 2.77
3~4
4~5
5-6 2.67
6~7 2.71 2.65
7~8 2.77 2.51 262
8-9 2.69 569
9~10 2.62
10~11 2.74 -

Fig. 2.4 Apparatus for specific gravity measurement

2.2.3 Water content

The distribution of the water content with depttpiesented in Fig.2.5, Fig.2.6 and Fig.2.7
for each borehole. These figures show that thelsgiveen 3m and 11m, in its intact state, has

nearly constant water content. The water contemygds about 29.0% ~ 35.6%, except for the
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samples at the depth between 4 m and 5 m in thehbler of SC3, which is higher than the values
shown in Table 2.1. The saturation degrees fothalsamples below 3 m are equal to 100%,

whereas the saturation degrees for the samplegabnvare less than 100%.

2.2.4 Atterberg limits

Fig.2.5, Fig.2.6 and Fig.2.7 show the profilestd# tiquid limitsw_ and plasticity limitsvp
with depth. At depths between 3m and 11m, the wabfehe liquid limit and plasticity limit of

Merville clay are relatively constant.

The values of the plasticity index of Merville cléipm these three boreholes are between
46.1% and 61.4% which is between the two rangesepted in Table 2.1. The liquid limit range

is 89.4% ~ 100.6%, agreeing with the range preddnteBorel (2000).

It is difficult to define an exact value for theeswconsolidation ratiofCR) of Merville clay,
especially within the zone affected by weatherifithe clay was deposited in a marine
environment some million years ago, since whem# tmdergone several cycles of unloading and
reloading. Periglacial processes, chemical bonding,ageing have all served to change the soil’s

‘apparentOCRfrom its ‘mechanicalOCR

The geological evidence suggests that the curremical effective stress above the Merville
clay in the ground is about 100 kPa. Results ofifpigessure oedometer tests (Josseaume, 1998)
indicate that the preconsolidation pressure is @obbaround 3400 kPa. The corresponding value

for the appare®CRof the Merville clay is therefore about 30.

As shown in Fig.2.5, Fig.2.6 and Fig.2.7, the watemtents are smaller than the

corresponding plastic limits for this highly ovensmlidated clay (depths between 3 m and 11 m).
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Fig. 2.5 Identification parameters with depth of SQ.
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Fig. 2.6 Identification parameters with depth of SQ.
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Fig. 2.7 Identification parameters with depth of SG.

2.2.5 Soil profile

As mentioned above, the Merville clay was depositetthe same marine gulf as the London
clay. There are many references about the ovezatlifes and mechanical properties of London

clay. The geologic information concerning Mervitlay can refer to London clay.

According to the difference of the deposition g, the London clay lying in different
sites may have different ground conditions. Thedamclay at Canons Park (London, UK; Bond
& Jardine 1991; Bond & Jardine 1995) has a singtaund condition as the Merville clay used in
this study. The ground conditions at Canons Pamipeise superficial deposits of topsoil, gravel,
and silty clay, overlying heavily overconsolidateldy layers. Fig.2.8 shows a simplified soil
profile for the site. The London clay extends frabout 2.5 m to approximately 25 m below the
ground level, and forms three distinct units, diséd London clay, intact brown London clay and

blue London clay.

In this study three boreholes (SC1, SC2 and SC8} delled in Merville at depth from 0 m

to 11 m, from where the samples were extracted. Sdraples were stored in 1-meter long
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thin-wall PVC tubes. The inner diameter of the &se11.0 cm. The soil profile for each borehole

is very similar.

According to Fig.2.1, the depth of the Mervillexlg from 3 m to 11 m. The soil from 0 m
to 3 m is composed of gravel and silty clay (Fig.2a)) and will not be studied later on. The
Merville clay consists also of two distinct unifthe soil from 3 m to 7 m is the stiff, brown, silty
fissured clay (Fig.2.9 (b) and Fig.2.9 (c)). Thesfires which originate from the erosion process
are easily activated by the disturbance durindimigiland handling (e.g. sample preparation). The
Merville clay below 7 m is a stiff, grey-brown, tsilfissured clay (Fig.2.9 (d)), which appears

undisturbed.

As mentioned above, the layer between 3 m to 4 sdifderent water content, probably
related to the variation of the water table, asslitoebe close to 3 m deep. However, following

the in situ observations, it is difficult to cleaposition the head to the water table.

Water content: %
o a0 B0
1] T T

o

-8

o M——

Depth below ground level: m

;
L

Intact Grown London

From Bonds & Jardine, (1991, 1995)

Fig. 2.8 Index properties profile for London clay atthe Canons Park site.
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(d)

Fig. 2.9 Appearance of the soil at Merville: (a) yow silt at 1.3 m with a gravel, (b) brown sampleat 3.3 m,

(c) brown sample at 6.2 m and (d) grey-brown samplat 7.2 m.

2.3 Microstructure of Merville clay

Firstly, microstructural identification was carriedit in order to establish a potential link
with subsequent mechanical experiments. Computaogoaphy imaging and scanning electron
microscope (SEM) were used to examine the microstral features, identifying possible

differences at the micro-level and different cheah@mmponents of clay.
2.3.1 Computer tomography (CT) imagining

Computer tomography imaging is a valuable non deste method to observe the inner
structure of a sample, in particular fissure patdyefore testing or shear deformation and fracture
features of soil samples after shearing (e.qg., Esset al., 1996; Wong, 1999). The principles and
equipment details of the CT scanner can be fouriddgrabove-mentioned references. Only a brief
description will be presented herein. The scansedun the present study is a X-Radia XCT400

X-ray tomography machine present at Ecole Centtal®&lantes. The clay specimen encased in a
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Plexiglas tube to prevent any drying during obséona was positioned and fixed on a metal
pedestal (Fig.2.10). During the CT scanning pracassX-ray beam (140 keV, 10 W, 71 pA)
crosses the sample which rotates along the veridal (2500 cross section for a rotation of 180
degrees) and finally reaches a 1024*1024 detektore precisely, the X-ray attenuation obtained
from different angular positions is combined to gexte the pixels (picture elements) of the

matrix.

Fig. 2.10 Fixing the specimen taken at the depth &2 m for CT imagining.
Fig.2.11 to Fig.2.13 show the CT imagining of atura specimen with a visible crack on
the top part. This specimen was taken at 5.2 mhdéjte light areas represent a denser part in the
specimen, whose mineralogical nature was not fowidual inspection does not allow

distinguishing the differences between the lighd dre black clay parts.

The fissure is observed at the top of the speciméfig.2.11 and Fig.2.12 which is the dark
area in the specimen. The length and the widtheffissure were measured by a post-analysis
after images reconstruction. The largest valuehefwidth is about 0.34 mm, and the length is
about 18.00 mm. Few light areas are observed orsthiace (including the top face) of the
specimen. However, it is interesting to note thddtaof light areas are also present inside the
specimen (Fig.2.13). The lighter the area is, teasdr the material is. The lightest area is
observed from the surface extending to the intefitve value of the widest part of this area is

about 1.52 mm.
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These light areas make the specimen inhomogeng&baee are no other fissures observed in

the interior of the specimen.

Fig. 2.11 CT imagining for a fissured specimen in ®imensions.

Fig. 2.12 CT imagining of a fissured specimen in pidorm.
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Fig. 2.13 CT imagining of a specimen in perspective.

2.3.2 SEM analysis

The main goal of this investigation was to exantmefabric of the clay before and after the
compression test, and identify the chemical comptef the clay particles. The SEM analyses
were conducted at Ecole Centrale de Nantes (F#§).2using a scanning electron microscope
(SEM). The basic principle of the apparatus and tehniques used are similar to those
documented in the literature (e.g. Smart & Tove982). An electron gun shoots a narrow
electron beam against the sample’s surface, whigeunder low vacuum. Three magnetic lenses
compress the size of the beam so that the sizeecdriea being scanned reduces. On impact with
the sample, the electrons are reflected in a walydapends on the topography of the constituents
of the sample and a receiver-decoder of the reftealectrons produces a signal, which is

converted into magnified images of the area betagsed (Fig.2.15).
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Fig. 2.14 Scanning electron microscope in Ecole Ceale Nantes.
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Fig. 2.15 Schematic diagram of electron microscodenanual of Cambridge 500 SEM).
The samples were air-dried for testing. In stiffyd, though, the shrinkage due to air-drying

does not affect dramatically the soil structure amedrying was therefore adopted.

In the following sections, the main features of slaenples at the same depth (10 ~11 m) will
be described. The photos of the natural sample wit@ned in a plane oriented in the vertical

direction (Fig.2.16).
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(a) (b)
Fig. 2.16 Sample for the SEM: (a) vertical plane anb) fixing the sample.

In this study, the chemical composition of smalhes within the clay was investigated, using
a system composed of a scanning electron microse@hean X-ray receiver and diffractometer.

The samples from SC3 2 ~3 m, SC3 4 ~5 m and SCBr8 were analyzed.

Table 2.3 X-ray analysis on the sample at SC34 ~5m

Position Height Rel. Int. Mineral
(° 20) (cts) (%)
6.1 191.1 34.1 M?C?
8.7 101.7 18.1 lite
11.4 55.2 9.9 M?C?
12.5 58.1 10.4 Kaolin
17.7 64.4 11.5 lllite
19.8 45.2 8.1 Quartz
20.9 123.2 22.0
25.1 42.4 7.6 Kaolin
26.6 560.4 100.0 Quartz

Note: cts represents ‘contents’; Rel. Int. representatire intensity’; M?C? represents ‘Montmorillonite?

Chlorite?'.

The clay platen were scanned at a rate of 5 sequerd8.02° step width, using 0.3 mm slits
from 2° to 62° The minerals were quantified using the areasft#ations (peaks) for which there
is no, or minimal, interference from other clay evials These areas were weighted using the

relative intensity (Rel. Int. (%)). The value ofatve intensity is determined by the height of the
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detected area to the maximum height of the clayerainin the diffractogram. In this study, the

mineral with the maximum height is the quartz (BEp2.17 and Fig.2.18).

The scans obtained form the Merville clay sampld a6 m are shown in Fig.2.17 and the
results are summarized in Table 2.3. The scandgneltsform the Merville clay sample from

different depths are shown in Fig.2.18.

In Fig.2.17 and Fig.2.18, the terms ‘I, ‘K, ‘Q’epresent the illite, the kaolinite and the
quartz, respectively. Based on the results in Fi@.2it is obvious that the samples at different
depths have similar mineral contents. The resuéisgmted in Table 2.3 can be used to analyze the

mineral contents obtained on other samples.

SC3:4~5m

1000

500

30 40 50 60
20 (%)

Fig. 2.17 X-ray analysis for the sample taken at 45 m of SC3.
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Fig. 2.18 X-ray analysis for the samples at differg depths.

An analysis of Merville clay minerals was perform@sdBorel & Reiffsteck (2006) in LCPC
(Laboratoire Central des Ponts et Chaussées), Xsnag diffractometry on a sample of Merville
clay taken at 4.2 m. The main mineral componenthef sample is crystalline quartz. Other
non-clayey mineral components are plagioclase,sfeld and hematite. The clay fraction is a
secondary phase. It consists of swelling mineratstmorillonite. Other clayey minerals detected
in less proportion are kaolinite, muscovite-iligdad chlorite (Table 2.4). The mineral calcite i$ no

detected in the sample taken at 4.2 m (Borel &fReitk, 2006).

Table 2.4 Composition of clay fraction (sample takeat 4.2 m).

Clay fraction

Montmorillonite Muscovite-illite Kaolinite Chlorite

50% 20% 15% 15%

We performed a similar analysis on three clay seampf the SC3 borehole (depths of 2 ~3
m, 4 ~5 m and 8 ~9 m, respectively) reduced inadeo state. X-ray observation results show the
main presence of quartz and illite. Smaller fractaf kaolinite and montmorillonite were also

detected.
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Fig.2.19 to Fig.2.23 show the photos of a samtertaat about 10.4 m deep with different
maghnifications. Based on the description of Londlay in Gasparre (2005), at low magnification
(Fig.2.19), the clay seems quite densely packed vaalitorientated. At high magnifications
(Fig.2.20, Fig.2.21 and Fig.2.22), a typical datritlay fabric with particles aggregated in
domains is recognizable. The rough shape of the méaticles indicates that the Merville clay
deposited in a high-energy marine environment, wuwave and current action. However, the

winnowing effects of waves did not remove the dtagtion completely.

In this study, the scanning electron microscopagndispersive spectroscopy (SEM-EDS)
was used to examine the chemical composition etcsedl areas of natural clay samples. Areas, as
small as 1*1umz2, were investigated and the results were predeagediffractograms indicating

the chemical elements present (not minerals) (F28)2

The diffractograms of Fig.2.23 (a) and Fig.2.23 r@hate to the individual white framboid
crystal and a typical clay particle, respectivetythese two cases, silica and oxygen peaks with
some metal ions, typically Al and K are presented. These components are expectedtt® be
most important components of illite, quartz andliaie. The ion Na is not found in Fig.2.23 (a)

and Fig.2.23 (b).

These results show that calcium is widespread girout the clay particles. The ion carbon
is not detected in Fig.2.23 (a) and Fig.2.23 (l9raB (2000) indicated that the content of CaCO

in the Merville clay is 6.8% ~ 8.8% as shown in [Eab.1.

To prove the existence of carbonate in the Mengliey used in this study, the standard
chemical method using hydrochloric acid was usec gowder (grain size lower than 400 pum)
obtained from the grinding of the dry initial claghen the powder was subjected to an attack of
excess concentrated hydrochloric acid: the chemézadtion produces carbon dioxide, the volume

measured is released into a graduated burettecarbenate content is:

12xVy xp

mx (8, +273 1)

[Tcarb (%)] =

whereT..pis the carbonate content, is the volume of CO2 (c?mr ml) , p is the air pressure

(kPa),mis the mass of the sample (g) afds the temperature in the test room (Celsius dggre
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The test results are presented in Table 2.5 whiditates the existence of carbonate. The
carbonate content in the silty samples at 1 ~2 th Zn-4 m are less than 1%, whereas the
carbonate content of the clayey samples below Brbatween 4% and 6%. That is a little less

than the result presented by Borel (2000).

Table 2.5 Carbonate content distribution with depth.

Volume of Calcium Carbonate
Borehole Depth Temperature Pressure Mass

CcO, content
Hn p m \6 Tcarb
(m) °C) (kPa) (9) (e %
19 100.7 9.84 18.5 0.78
SC2 1~-2
19 100.7 10.03 19.0 0.78
20 100.8 10.16 23 0.93
SC2 3~4
20 100.9 10.04 225 0.93
20.5 100.9 5.02 66 5.42
SC1 5~6
20 100.9 5.06 70 5.72
20 100.9 5.16 51 4.08
SC1 7~8
20.5 100.9 5.73 56 4.03
20 100.9 4.83 66 5.65
SC2 9~10
20 101.0 5.12 67 541
20 100.9 5.05 46 3.76
SC1 10~11
20 100.9 5.29 49 3.83
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Fig. 2.20 Natural sample.
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Fig. 2.22 Natural sample: rough and sharp edges tie particels around a grain.
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Fig. 2.23 Diffractograms resulting from the micro-ciemical analysis: (a) white framboid crystal and (p clay

particle.

2.4 Conclusions

The Merville clay is an overconsolidated, fissuretiff clay which is located beneath the
depth of 3 m. From the test results conducted & l#boratory, the following conclusions

concerning its physical properties can be drawn.

(1) The Atterberg limits of Merville clay are relaly constant for the depths between 3 m
and 11 m. The liquid limit range is 89.4% ~100.6%@ dhe plasticity index range is 46.1% ~

61.4%. These values correspond to a highly platiz

(2) The water content is smaller than the plastigt] indicating a high overconsolidation
ratio. The water content is higher at the top af thAyer, between 3m and 4m. This can be
explained by the development of fissures due toutleading of the clay during its geological

history (see chapter 1).

(3) The clay size content of the Merville clay soat 26%. The value of the specific gravity

Gs of Merville clay is at the range of 2.51 ~2.77.

(4) The CT images show much heterogeneity in theastructure, particularly the existence

of denser parts randomly distributed inside thgegfanaterial.

(5) Based on X-ray analyses, the samples of Meralay at different depths have similar

mineral contents.

HAN Jian (2014) -64-



11l One-dimensional compression behavior of Meevitlay

3 One-dimensional compression behavior of Mervillelay

3.1 Introduction

The study on Merville clay along 1D compressionesdr path (oedometer) has two

objectives:

1) Investigating the effects of the clay structureotlgh comparisons between the
behavior of the intact soil and that of the sanag @h a reconstituted state. Analyzing
the effects of structure on the compression behasficlays with the normalizing

parameters commonly found in the literature.

2) Defining the characteristics of compressibility dhe clay, especially the
preconsolidation pressure. The mechanical beha¥iolay depends significantly on

its overconsolidation ratio which relates to itegnsolidation pressure.
This study of oedometer tests on Merville clay ilies two parts:

1) The first part consists of the tests at low pressevels, that is to say, the traditional
oedometer tests where the maximum applied verstaiss is about 1 MPa. Six
oedometer tests were conducted. However, the sesloiained in this study were not
clearly representative of the actual propertiethisf clay, especially in regards of the
preconsolidation pressure of this clay. This sioratled us to consider a
complementary study which would be better suitedtie characteristics of Merville

clay.

2) Consequently, the second part of the oedometey sindMerville clay focused on
applying high pressure loading. During this stuthe tests were performed in a
strain-controlled mode, wherein the clay samplesei@aded at the maximum stress

of about 12 MPa.
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3.2 Preconsolidation pressure

The preconsolidation pressure of a soil is the maxn pressure at which the soil has been

consolidated during its geological history.

During the formation of the clay, its state followse virgin consolidation curve in the

diagram ‘void ratiog - logarithmic effective vertical stress,’ shown in Fig.3.1.

€0

o oo lgo'
From Biarez & Hicher, (1994)
Fig. 3.1 Deformation path of a soil.

The value of the void ratiogy, and the value of the effective vertical stress,, are the
in-situ values of the soil. The following path r&la to the unloading (due to erosion for instance)
is represented in Fig.3.1 by the segment AB: thiatp® represents the soil state at the end of the
period of its initial loading, and the point B repents the soil state after its geological unlagdin
which is also the soil state before sampling. After sample preparation, the soil state will vary

and will be defined by the point C which represehtsstate in the laboratory.

This may be a simplified mapping for the geologiastory of the soil before the laboratory
testing. From these theoretical considerations, escamthors have identified methods for

determining the preconsolidation pressure, that gy, the value of the point A in Fig.3.1.
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The determination of the preconsolidation presssireonventionally performed using the
results of oedometer tests, following several m#gsh(Casagrande, Schmertmann, etc.). In this

study, Casagrande method was used to obtain tkhermelidation pressure.

The procedure of Casagrande method can be explagmélows: firstly, obtain the point O
of maximum curvature on the consolidation curventldraw a horizontal line from this point,
draw a line tangent to the curve at the point, thisact the angle made from the horizontal line in
part 1 and the tangent line in part 2 by a strdigletin part 3, extend the ‘straight portion’ iarp
4 of the recompression curve (high effective striess void ratio: almost vertical on the right of
the graph) up to the bisector straight line. Findthe point E where the lines in part 3 and part 4

intersect is the preconsolidation pressure. Thosgnture is shown in Fig.3.2.

4

\\ Ef 1

3

(8]
o

2

lg o'~

Fig. 3.2 Sketch of the procedure of the method ofd@@agrande.

3.3 Oedometer test

3.3.1 Preparation of specimen
3.3.1.1 Preparation of natural specimen

The specimens of 70 mm in diameter and 19 mm ightteire cut from a sample of 110 mm

in diameter and 50 mm in height, separated froniube. This sample is first roughly trimmed so

HAN Jian (2014) -67-



11l One-dimensional compression behavior of Megvitlay

that the sample dimensions are slightly greaten that of the confining ring. One end of the
confining ring is equipped with a sharp edge. Toefining ring is then drived into the sample by
a progressive and vertical pressure. A few cenémsefl to 3 cm) in diameter of the soil are
allowed to exceed the confining ring. The exceskisaarefully carved away and is used for

water content measurements.

Both sides of the confining ring are leveled offieTwhole is then weighed. Both sides of the
specimen remaining in the confining ring are themered with filter papers. The two porous
stones are placed on the top and bottom of theirapacfor drainage during the consolidation

process. This assembly is then placed into a Igaftiame.

In this chapter, the presence of fissures in Mkrvilay is not observed during the
preparation of the intact specimen. The oedomesds tare all conducted in a room which has a

constant temperature (about 7).
3.3.1.2 Preparation of reconstituted specimen

Reconstituted clay is used as a remoulded statésgmreépared at a water content equal to or
greater than the liquid limitw{). Burland (1990) recommended that the clays shddd
reconstituted at a water content betwagerand 1.5w_ (preferably 1.2%,) without air drying or

oven drying, and then consolidated, preferably uode-dimensional condition.

In the laboratory, the natural clay samples attdbetween 4 ~11 m, where the mineralogy
is assumed homogeneous, were used. The samplesdrviedein an oven, then grinded into a
powder state (particle size lower than 80 um), theighed. The water was mixed with the

powder so that the water content of the slurry betsreenw, and 1.5n;.

The slurry was poured into a consolidometer. Theelindiameter of the tube made of
Plexiglass with a smooth surface was 90 mm anchéight was about 450 mm. In general, the
outer part of a reconstituted clay in a consolid@nsuffers shear deformation because of the

friction between the clay and the tube.

The consolidometer is presented in Fig.3.3. The,tabrresponding to a confining ring of an

oedometer test, has a thickness of about 6 mmn8gai was allowed from both the top and
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bottom of the specimen. The interface between #rmpte and the tube was lubricated with

silicone grease to avoid friction.

Fig. 3.3 The consolidometer for preparing the reconguted samples.
The vertical load was applied through dead weigdhtshis study, the reconstituted samples
were prepared under two different vertical stressgs100 kPa and 300 kPa, respectively. The
samples were allowed to consolidate under this loil the axial displacement changes were less

than 0.1 mm per day. The consolidation took att ltase weeks.

The preparation of the reconstituted specimen éncddometer apparatus followed the same

procedure than the preparation of the intact specimentioned above.
3.3.2 Saturation of the specimen

In general, achieving the saturation of the speginsean important phase for doing the
oedometer test, according to the assumptions of ¢neaghi consolidation theory. Any default in
the saturation is reflected first by a settlemeam ¢tb the compressibility of air. This can change

the evolution of settlement, especially at the beigig of the oedometer test.

The sample reserved in the tube can remain int&ctlnost intact) due to the appearance of
capillary tensions. The capillary tensions offsdt)east, the effects of unloading. The saturation

results in canceling these capillary tensions, tvlsiguses the swelling of the sample. On the other
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hand, the saturation by simple immersion is noffigeht in some cases. To remedy this
shortcoming, it is necessary to apply a pressuainagthe specimen. This pressure will result in

the complete saturation.

In this study, the initial vertical pressure is abd.6 kPa. As a result of the effect of swelling,
the first point of the compression curve is thenp@ shown in Fig.3.1. This point is not the ifitia
point B representative of the in-situ conditionsit{@al void ratio, e, and in-situ effective vertical
stress,0'yo,). In this study, no back pressure can be apmied the pore pressures were not

measured for all the oedometer tests.

3.3.3 Procedure of the oedometer tests

3.3.3.1 Procedure of the oedometer test at low pmage levels

The incremental loading compression test was usethtain the behavior of Merville clay in
oedometer tests at low pressure levels. The madmacteristics of this test are the following

sequences:

1) The first applied load is the pressure requirechiievent the swelling during the
saturation. This load is used to ensure a goodacoiietween the upper piston and
the specimen. In this study, this load is aboutlf@ for the intact specimen. The
reconstituted specimen was set up in the appavatiighe first applied load equal to

the vertical stress7,, used in the consolidometer.

2) From the second load, which is generally equalaib df the in-situ effective vertical
stress, 0.6'y, the successive incremental load is fixed at @.2%until the probable

range of in-situ effective vertical stregs,qis reached.

3) After the completion of the first loading-unloadingcle, the loading rate (6%,+1/0")

is fixed equal to 2 until the last loading step.

4) The duration of each step is 24 hours.
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3.3.3.2 Procedure of the oedometer test at high msure levels

In the laboratory, the apparatus presented in Hg.&nnot be used to perform the oedometer

test at high pressure levels (more than 10 MPa).

The constant strain-rat€ RS consolidation test is used to apply high vertgtaéssesCRS
consolidation tests were performed by using a 50\pNeham Farrance testing machine which is
a strain controlled machine. The specimens forethiests were 70 mm in diameter and 19 mm in
height. The axial strain rate used in these teats @63 %/h (0.002 mm/min). During loading, the
drainage was permitted from both the top and th#oboof the specimen. The strain rate was

chosen small enough so that no excess pore pregagrexpected during loading.

As mentioned above, the first applied load is thespure required to prevent the swelling
during the saturation. This load is used to enaugeod contact between the upper piston and the
specimen. In these tests, this load is about 8# fklP the intact specimen. The reconstituted
specimen was set up in the apparatus with the dpptied load equal to the vertical stres$,
used in the consolidometer, which corresponds ® (ineconsolidation pressure for the

reconstituted samples.

3.4 Results of oedometer tests

3.4.1 Results of oedometer tests at low pressuredds

The specimens for these tests were taken at thia dé@ m ~11 m. The basic parameters

about these specimens are presented in Table 3.1.

In Sections 2.1 and 2.2 of Chapter 2, the depthaiér table in Merville is assumed to be 3
m. The soil from 0 m to 3 m is the gravel and silgry head. The average value of the specific
weight j, of this soil is 18.3 kN/fh The soil from 3 m to 11 m is Merville clay. Theeaage value
of the saturated specific weight, of Merville clay is 19.6 kN/h From the information
mentioned above, the in-situ effective verticalgstee,d\o, can be estimated for all the intact
specimens. All the intact samples were taken betlmvwater table. Based on the test results

shown at Chapter 2, the degrees of saturationesktimtact samples were 100%.
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The clay at the depth of 7 m ~11 m was taken feparing the reconstituted specimen of the
test OL6 in Table 3.1. For the reconstituted specimthe effective vertical pressureo
represents the preconsolidation pressoipe,The degree of saturation of this reconstitutedda

was 100%.

Table 3.1 Basic parameters of specimens — Oedometests at low pressure levels.

Testname Type of specimenD(‘:np)th (kN}/ﬁmS) (kN}fm3) (‘(’)ﬁ) (Z:V(;) €
OoL1 Intact 6.12 20.6 15.8 341 849 0.713
oL2 Intact 6.27 194 15.1 33.3 86.3 0.762
oL3 Intact 7.24 197 15.6 304 956 0.614
oL4 Intact 8.41 19.5 15.0 329 106.8 0.719
OL5 Intact 9.14 19.0 15.4 345 113.8 0.820
OL6 Reconstituted 7-~11 16.8 50.8 100 1.347

From Fig.3.4 to Fig.3.9, the compression curvesfithe oedometer tests at low pressure
levels for intact and reconstituted samples aregied. The swelling indexes are also shown for
each intact sample in these figures. Based onetter¢sults, the values of swelling indexes for

each intact sample are presented in Table 3.2.

For all the intact samples, the vertical stress waeased up to 100 kPa and then decreased
down to 4.6 kPa. After unloading, the void raticedaot change much compared to the initial
void ratio. That may be due to an internal bondirgch is sufficiently strong to resist structural
breakdown. Note that, after loading up to about &®&a, the intact sample has become
approximately twice (or more) as expansive as the subjected to the first unloading. Thus the

process of loading must have destroyed some didhding.

Josseaume et al. (1991) indicated that the pretidadon pressure for the Flanders clay is
3400 kPa, as shown in Fig.3.10. The maximum vdrpicassure for the oedometer test at low
pressure level is less than 1000 kPa. It is clear the normal consolidation line has not been

reached for the intact samples.
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Fig. 3.4 Compression curve for natural sample (OL1).
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Fig. 3.5 Compression curve for natural sample (OL2).
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Fig. 3.7 Compression curve for natural sample (OL4).
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Fig. 3.10 Preconsolidation pressure of Flanders gfaat the depth of 42.9 m.

Table 3.2 Results of oedometer tests at low pressuevels.

Test name Type of specimen Cs1 Cso Cs C.
OoL1 Intact 0.044 0.062
oL2 Intact 0.009 0.041
oL3 Intact 0.011 0.033
oL4 Intact 0.013 0.038
OL5 Intact 0.022 0.055
OL6 Reconstituted 0.123 0.610

The Merville clay (7 ~11 m) was used to prepare teeonstituted sample. The
preconsolidation pressure applied to the reconsttisample is 100 kPa which is shown in

Fig.3.10.

The compression index denot€' at the maximum pressure less than 1 MPa and the
swelling indexC;s of the reconstituted sample are presented in TalleThe compression curve
plotted in Fig.3.9 represents the intrinsic comgias curve of the clay since it was reconstituted

at a water content betweapn and 1.5n.
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3.4.2 Results of oedometer tests at high pressusyéls

As mentioned above, there are two reasons for peifig oedometer tests at high pressure
levels. The first aim is to assess the preconsididgressure of intact Merville clay. The second

aim is to complete the intrinsic compression cwov®erville clay.

In this section, in addition to the result of tredometer test OL6, a reconstituted specimen at
the same depth (7 ~11 m) was prepared for obtaithiagvoid ratio corresponding tw,=1000
kPa. The other reconstituted specimen from thectntéerville clay (3 ~7 m) was also used to

perform the oedometer test at high pressure level.

To examine the effect of the strain rate on thealbin of the Merville clay in oedometer
tests, two intact specimens at the same depth prepared. One test (Fig.3.11) used the reference
strain rate (0.63 %/h). The procedure for the sédest (Fig.3.12) involved changes in the strain
rate: reference strain rate for loading up to 2B@,kthen one tenth of the reference strain rate
(0.063 %/h) for loading up to 330 kPa, then teresinthe reference strain rate (6.3 %/h) from 330
kPa to 1050 kPa, and again the reference stranfeatioading from 1050 kPa to the end of this
test. For analyzing the effect of strain rates twn fireconsolidation pressure and yield stress, the

different strain rates were applied before the gmsolidation pressure in the compression curve.

The basic parameters about these specimens arenfgésin Table 3.3. The degrees of

saturation of all the specimens at high pressweldavere 100%.

Table 3.3 Basic parameters of specimens — Oedometests at high pressure levels.

Test name Type of specimenD((:nlo)th (kN}/ﬁm3) (kN}fm3) (If;;) (\;())) (\:;;) €
OH1 Intact 7.43 19.3 14.3 97.4 348 93.8 0.793
OH2 Intact 753 193 14.4 98.4 34.8 93.8 0.791
OH3 Intact 948 19.2 14.3 117.1 34.8 96.1 0.805
OH4 Reconstituted 4~7 17.3 11.7 100 47.1 90.8 1.266
OH5 Reconstituted 7~11 18.2 13.2 300 38.1 93.853.9

Note: Different strain rates for test OH2.

HAN Jian (2014) -77-



11l One-dimensional compression behavior of Meevitlay

The compression curves of oedometer tests at higgspre levels for intact and reconstituted
samples are presented in Fig.3.11 to Fig.3.15. sirdling indexes are shown for each intact
sample in these figures. The preconsolidation press marked in the compression curve of each
intact sample, following the Casagrande method deer-consolidated clays. The values of
swelling indexes and compression index of eactcirdample are presented in Table 3.4. In his
paper, Hieng (1991) used also the Flanders clagtéalc at Dunkirk to carry out the 1D
compression tests at high pressure levels. ThelsaropDunkirk clay were all taken at the depth
of more than 30 meters. The test results are shiowable 3.4. The preconsolidation pressures of

Dunkirk clay are determined by the simplified matho

Note that, as the load increases, the swellingxiralso increases. Evidently, the loading
process leads to the destruction of part of thedimgn The slope of the swelling curve of the
intact material typically starts changing as sosithe destructuration begins and is expected to be
parallel to the swelling curve of reconstituted peenwhen the destructuration is complete. After
loading up to more than 10000 kPa, the swellingeked of the three intact samples are similar,
approximately equal to the swelling indexes of theonstituted samples presented in Table 3.5.
That means that the structure of each intact samsp®mpletely destroyed at the end of the

loading process.

Table 3.4 Results of natural samples at high presseiievels .

Test name Cs1 Cs2 Css Cs Ce (Ifl;pa)
OH1 0.098 0.150 0.755 2800
OH2 0.073 0.115 0.139 0.591 2600
OH3 0.084 0.096 0.130 0.144 0.686 2750

Hieng 1 0.120 0.340 5000
Hieng 2 0.100 0.290 3600
Hieng 3 0.100 0.310 2800
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Fig. 3.17 Compression curves for natural samples &w and high pressure levels.

As mentioned in Chapter 1, Hight et al. (1992) &@udecchia & Chandler (2000) indicated
that there is a stress state which they calledsgnpeld’, at which the soil stiffness decreases
significantly. Beyond gross vyield, the plastic Birincrements become substantially larger as a
result of the degradation of the soil structureisTyield stresso’y is a little higher than the
preconsolidation stress,. As a result of the existence of the yield strafsklerville clay shown
in Fig.3.17, the measured preconsolidation pressfirdlerville clay is better to be called
‘apparent preconsolidation pressure’ which inclutfes parts: the real preconsolidation pressure

and bonding stress.

Based on the test results shown in Fig.3.16 andeTakl, the compression indexes of
Dunkirk clay are smaller than Merville clay. Thiglicates that the structure resistance of Dunkirk
clay used by Hieng (1991) is stronger than thatlefville clay. The preconsolidation pressure of

Dunkirk clay is greater than that of Merville clay.

Clays which retain a post-sedimentation structirgress yield have yield stres§, greater
than the preconsolidation pressugg,. In Fig.3.17, the compression curves without the
unloading-reloading cycles of intact samples aes@nted. There are two intact samples taken at
the same depth to conduct oedometer tests at higisyre levels (tests OH1 and OH1). However,

the test OH2 was conducted with different straitesaduring loading before the apparent
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preconsolidation pressure. The aim is to obtain dtrain-rate effect on the yield stress and
destructuration. The yield stresses of the threts tare similar, not affected by the strain rates.
The yield stressd(y) of the natural Merville clay from the oedometestt is about 3000 kPa, a
little more than the apparent preconsolidation gues ¢',). The compression index of test OH2 is
smaller than that of test OH1. It means that tlséstance of Specimen OH2 to destructuration is

greater.

Based on the test results presented in Fig.3.14Fan8.15, the compression curve of each
test is not a straight line in the semi-log plbyd, the compression index has not a unique value.
As mentioned above, the symi@/' is used to represent the compression index atdesémum
pressure less than 1 MPa. For the oedometer tekigtapressure level, the compression index
C." is the mean slope from 1 MPa to the maximum quees Including test OL6, there are
different compression indexes and swelling indgpesented in Table 3.5. A regression curve has

been plotted to obtain the mean values of intripsicameters, which is shown in Fig.3.18. The
mean values for the intrinsic swelling ind@fand compression indeﬁfof Merville clay are

0.152 and 0.600, respectively.

Table 3.5 Results of oedometer tests for all the renstituted samples.

Test name Depth (m) dy (kPa) Cs C. C.
OL6 7 ~11 100 0.123 0.610
OH4 4 ~7 100 0.158 0.553 0.441
OH5 7 ~11 300 0.145 0.468 0.435
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Fig. 3.18 Compression curves of reconstituted ancatural samples.

3.4.3 Discussion about the test results

Two classes of parameters may be used to chamtie clayey sediment properties. The
first one concerns the geotechnical index propetileked to the mineralogical nature of the
material and can be represented, for example, dtterberg limits, or by their equivalent void
ratios, void ratio at liquid limite =()¢/},)w. and void ratio at plastic lime,=(}/ )W, where )
and yk, are the unit weight of the solids and of the watespectively. The second relates to the
mechanical parameters that express the geometdogament of particles and their evolution.

Particles may be bonded due to cementation dunegédimentation and consolidation processes.

Biarez & Hicher (1994) presented a method (BiareHi&her model) to normalize the clay
sediment curve. Based on a large number of restiiays, Biarez & Hicher observed that the 6.5
kPa and 1000 kPa stresses on the oedometric patbspond, on average, . and w,
respectively (oe_ andep). This leads to Eq. (3.2) for the compression xdising Eq. (3.1).

w,, = w, foro,=6.5kPe (3.1)
w,, = w,foro,=1MPa

C, =0.009y, - 13 (3.2)
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The liquid limits of intact samples of Merville glare between 93.8% and 96.1% at different
depths. The values of compression indexes of irdaoiples are about 0.72. These results on
intact samples fit well with the observation of &a & Hicher in Fig.3.19 (b). When the liquid
limit is between 80% and 100%, the correspondingmession index is between 0.60 and 0.78.
Therefore, the abacus in Fig.3.19 (a) can be aamrfe to check up on the value obtained for the
compression indek; of a soil, with a given liquid limitv.. As mentioned above, the values of
compression indexes of reconstituted samples atbeirrange of 0.44 ~0.61. The compression
curves at low pressure levels (less than 1 MPayédit with the observation of Biarez & Hicher
(1994), whereas the compression curves at highspreslevels do not fit well as shown in
Fig.3.19 (c). Eq.(3.1) and Eq.(3.2) can reproduee dlay behavior only for maximum vertical
pressures less than 1000 kPa. For oedometer tesigha pressure levels, another model for

normalizing the compression curves should be disais

It is very important to distinguish clearly betwethe properties of a natural soil and its
intrinsic properties. The term intrinsic has beé&wsen since it refers to the basic, or inherent,
properties of a given soil prepared in a specifiehner and which are independent of its natural

state. Burland (1990) suggested that an asterigskl &@ used to denote an intrinsic property (e.g.

C. is the intrinsic compression index, ar@{’ is the intrinsic swelling index).

C

One important normalized factor is defined as tba& wndex|, by the following equation

(Burland, 1990):

| = e- €y (3.3)
' eLDoo_éooo

The quantitiese,and €, are the intrinsic void ratios correspondingdig=100 kPa and

1000 kPa respectively. The intrinsic compressiodeinC_' is defined ase,, - €, When

e= g,,, I, = 0 and whene= €,,,, |, = -1. It can be seen that a reasonably uniquediaehieved

which is termed the intrinsic compression line (JCIn his paper, Burland (1990) presented an
equation for reproduce the data of test result® &@uation of the ICL was represented with

sufficient accuracy by the following cubic relation
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|, =2.45-1.28%+ 0.01% (3.4)

where x = logd', in kPa.

According to Eq. (3.4), we obtained the followirgjation from the results on reconstituted

samples of Merville clay:
|, =2.66-1.418 + 0.02¢ (3.5)
where x = logd', in kPa.

Based on the test results on Merville clay, theiealof € ,and C.' are 1.314 and 0.600,

respectively. These values are chosen in ordeEdpr(3.5) to fit the intrinsic compression line.

The normalized compression curves for Merville dag presented in Fig.3.20.

The sedimentation compression line (SCL) is obthifeom Burland (1990). The
compression curves of reconstituted samples comgame well with the intrinsic compression
line. It can be seen that the compression curvastaft samples (without unload-reload stages)
cross the ICL. The post-yield oedometer compressignes of tests OH1 and OH3 are a little
steeper than the SCL. The post-yield compressiovecaf test OH2 is more or less parallel to

SCL.

The compression curves of these three intact sangpleverge slowly on the ICL, which will

be discussed below.
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Fig. 3.20 Normalized compression of reconstitutednal natural samples of Merville clay.

The ratio of the yield stress of the natural mateto the vertical stress on the ICL at the

same void ratio (f'y/af) is defined as “stress sensitivityS)] and may be regarded as a

parameter embodying the differences of the micugsitres of the natural and reconstituted clays
(Burland et al., 1996; Cotecchia & Chandler, 198000 ). A current value & may be defined
as the ratio of the current vertical stress ondbepression curve of the natural sample to the
vertical stress on the ICL at the current voidaalihis current value d&, quantifies the spacing
between the compression curve of the natural ataythe ICL and can therefore changes with an
increase in stress depending on the shape andolocdtthe compression curve of the natural soll

after the gross yield.

It has been observed that the compression curee gifbss yield can converge towards the
ICL, demonstrating a “meta-stable” structure thagrhdes with strains, or move along a line
parallel to the ICL, demonstrating the presence'stdble” elements of structure that do not

degrade with strains, in which case would remaimstant.

As destructuration occurs, the swelling line of ihiact sample steepens, tending to become
parallel to the swelling line of the reconstitutedterial, so the ratio of the intrinsic to the oita

swelling indices C'/ C,, which Schmertmann (1966) defined as “swell saitsit (S), can also

be used as an indicator of differences betweentiated degraded structures.
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Current values of stress sensitivity are plotteéign3.21 and have been calculated using the
current point on the post-yield compression curfzéhe natural samples. Wh& is used in this
way, it is essentially quantifying the distancevimtn the post-yield compression curve of the
intact soil and its ICL and therefore is a quaa#fion of the degradation of the structure in
compression. It has the advantage dygn that it does not require unload-reload stapesthis
method can only give an indication of the changethé structure after yield. As seen in Fig.3.21,
the value ofS; increases immediately after the gross yield, teareases for all the samples,
indicating that the post-yield compression pathshefintact samples are not parallel to the ICL,

but on the contrary, converge slowly to the ICL.

—— OH1
~o-OH2|- - -
—o— OHz

Stress sensitivit

100 1000 10000 100000
o'v(kPa)

Fig. 3.21 Change of current stress sensitivity witincreasing stresses after gross yield.
It is obvious that the decreasing curves of tedtdl @nd OH3 are steeper than that of test
OH2. When the compression curves of tests OH1 ad8 fave already converged on the ICL,
the compression curve of the test OH2 has not. &hasservations make clear that the

destructuration is less pronounced for Specimen.OH2

The curvature of the ICL (Burland, 1990) can cowegtie the evaluation of the distance
between the natural and intrinsic compression cuarel therefore the values of the current stress
sensitivity and the assessment of the effect atgire on the compression of soil$at is shown

in Fig.3.21 that the stress sensitivity is lessith#® at very high stresses.
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The swelling sensitivity could be argued to be magresentative in showing the evolution
of the effects of structure with stresses becahsestope of the swelling curve of the intact
material typically starts changing as soon as testrdcturation begins and is expected to be

parallel to the intrinsic swelling curve when thesttucturation is complete.

Swelling sensitivit

10 100 1000 10000 100000
a'v (kPa)

Fig. 3.22 Change of swelling sensitivity with incrasing stresses for all the natural samples.

The change of swelling sensitivity with increassigesses for all the intact samples as shown
in Fig.3.22 is a good representation of the prooésiestructuration of the intact samples. In each
case, the value of the plotted vertical stresshis maximum value before the start of the
unload-reload stage used to define the value oflisgyesensitivity. For tests at high pressure
levels, the swelling curves of the intact samplesdme parallel to the SCL at large stresses, so
the values of5 are approximately equal to 1.0, confirming thad testructuration process was

complete.

The swelling sensitivities for all the tests hahe tendency to reach 1.0 as the stresses
increase. It accords with the gradation of destmation. It is interesting to observe that, witle th
depth increasing (without tests OL1 and OL2), thed@gnt of the changing swelling sensitivity
decreases. The gradients of tests OL1 and OL2 meagfiected by the micro-fissures in the

samples at the depth of 6 ~7 m. This observatioy Ibeaused as a reference for Merville clay at
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different depths to obtain the swelling sensitivijthout performing oedometer tests. This

observation requires more test results to be qoefir

3.5 Conclusions

In this chapter, a series of oedometer tests waneed out at both low and high pressure
levels. Preparation of the specimens and the puveenf the oedometer tests were introduced. All
the specimens were saturated before loading angdfes pressure was not measured during the
tests. The imposed loading rate was kept small gindo prevent any change in pore pressure

during loading.

For all the intact samples at low pressure levels NIPa), the vertical stress was increased
up to 100 kPa and then decreased down to 4.6 kiga. unloading, the void ratio does not change
much compared to the initial void ratio. It may dhe to the existence of an internal bonding
which is sufficiently strong to resist structuratbkdown. After loading up to about 800 kPa, the
intact sample has become approximately twice (aejnas expansive as the one subjected to first

unloading. Thus this loading history must have mgstd some of the bonding.

Based on results of oedometer tests at high pedsuels, the apparent preconsolidation
pressure of Merville clay is obtained by using @anaade method. The value is about 2750 kPa
which is less than the apparent preconsolidati@sgure of Dunkirk clay (gross yield of about
3000 kPa). After loading up to more than 10 MPa,dtvelling indexes of three intact samples are
similar, approximately equal to the swelling indexxd reconstituted samples. That means that the

structure of each intact sample is almost completestroyed at the end of this loading process.

Two methods can be used to estimate the compressimes of the oedometer tests. The
Biarez & Hicher's model is based on the relatiopdbetweerC, andw, defined by Eq. (3.1) and
(3.2). Although this model can estimate the claijdwgor only for maximum vertical pressures
less than 1000 kPa, the abacus in Fig.3.19 (a)beam reference to check up the obtained

compression inde&, of a soil, with a given liquid limitv, .

For oedometer tests at high pressure levels, Bdifagthod (1990) was used for normalizing

the compression curves. This method is based odefieition of the void ratio index in order to
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obtain the intrinsic compression line (ICL).The gowssion curves of reconstituted samples
compare very well with the intrinsic compressiamelin the planel{, logd,). It can be seen that
the compression curves of intact samples crosdGhe The post-yield compression curves of
intact samples converge slowly to the ICL. Thisutewas confirmed by the relationship between
the current stress sensitivi§ and the vertical stress log. For tests at high pressure levels, the
swelling curves of the intact samples became paralthe SCL at high stresses, so the values of

S became approximately equal to 1.0, confirming thatdestructuration process was complete.
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4 Behavior of Merville clay in triaxial tests

4.1 Introduction

In this thesis, the experimental study was dortbéncontext of the design problem occurring
beneath structures subjected to complex loadingh s wind turbine systems. A soil beneath
such a structure is affected by static, cyclic dpdamic forces. Here, the dynamic effects (such as
seismic loading, vibrations...) are out of the scagfethis study. Therefore, a complete
investigation of the behavior under both static eydic loading was conducted in the laboratory,

using triaxial tests.

In this chapter, monotonic triaxial tests on Mdeviclay aim to study the behavioral
parameters and the factors affecting the soil hehawncluding the effects of existing fissures and

strain rate.

In practice, monotonic consolidated triaxial teglth pore pressure measurement aim at
determining the different geotechnical parametetated to the undrained behavior of a given
clayey material, especially the friction angle, teriation of the undrained cohesion and the
critical state lines (compression line and extemdioe). To do this, the triaxial study is divided
into two subsets: the compression tests (UU, ClW8)pne hand, and the extension tests (CIUE),

on the other hand.

Firstly, we present the testing procedures develppt the tests performed and the results
obtained. Then, we develop the interpretation eftésts and successively address the influence of
the fissures, the influence of the strain rate tedanalysis of various geotechnical parameters of

Merville clay.

4.2 Test program and procedures

Different types of triaxial tests were carried @rd various test procedures were tested

during this triaxial study of Merville clay.
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4.2.1 Test program

In this study, aiming to obtain the undrained bébraef Merville clay, three types (UU,

CIUC and CIUE) of tests were conducted.

UU test: Carried out in the laboratory on uncordatied specimens, sheared by compression

in undrained condition.

CIUC test: The specimens were first reconsolidatettie laboratory under a given isotropic

consolidation pressure, and then sheared by cosiprem undrained condition.

CIUE test: The CIUE test procedure was identicathiat of the CIUC test. However, the
shear mode was different, and at the inverse ofGh#C test, wherein the deviatoric stress is
positive and increases as the axial stress ingeahstng the shearing, the shearing of the CIUE

test was performed by reducing the axial stress.

About 100 triaxial tests were carried out to analyze behavior of Merville clay on both

intact and remolded samples.

The experimental program began by conducting 40teBtls. The main objective of these

tests was to determine the undrained cohesioreafidtural specimens.

53 CIUC triaxial tests were then carried out ormdhtand reconstituted specimens. Among
these tests, 20 natural and 5 reconstituted spasitaéen from different depths and consolidated
under different effective pressures were shearddr d@botropic consolidation, 13 natural
specimens at the same depth and 9 reconstitutedrspes were prepared for analyzing the strain
rate effect, and 6 natural specimens were preptoedinalyzing the strength anisotropy of

Merville clay.

4 CIUE triaxial tests were also performed in theolatory, 2 tests on natural specimens, and

2 test on reconstituted specimens.
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4.2.2 General procedures

According to the ASTM standards (D 2850-95 and DA496), the different types of tests
were carried out with the procedures (comprisinguenber of test phases presented later in the

section 4.3) as follows:
a) UU test: performed following the procedures:
—Prepare the specimen;
—Place the specimen in the triaxial cell;

—Shear the specimen. The pressure in the triaxiblicdetter chosen nearby the in-situ
pressure. Josseaume (1998) indicated that the wélthee coefficient of earth pressure at
rest (Ky) is variable between 0.9 and 1.1. The value ofithsitu vertical pressure of
Merville clay (the depth between 3 m and 11 m)nighe range of 50 ~140 kPa. In this
section, four different cell pressures are choseda the UU tests: 0 kPa, 100 kPa, 200

kPa and 400 kPa.
b) CIUC test and CIUE test: the successional ojmeraiare performed as follows:
—Prepare the specimen;
—Place the specimen in the triaxial cell;
—Apply the back pressure and accomplish the saturation of the specimen;

—Isotropic consolidation of the specimen under thaain pressure set for each test, the

drainage circuit being open;
—Shear the specimen.

In this study, the back pressure applied beforectimsolidation of specimen, in addition to

perfect saturation, has the advantage of improttiegirainage of the specimen.

4.2.3 Specimen preparation

The method for preparing the reconstituted samplg pvesented in the section 3.3.1.2.
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The natural and reconstituted specimens were pdphy cutting cylinders having the
dimensions equal to 35 mm in diameter and 70 mimeight, having both flat and parallel faces
on both sides of the specimen. They were taken tlmncenter of the core using a knife and a
wire. Once the cutting was finished, we used thipearule to measure the specimen’s height and
diameter at three different levels (at both ends$ @rthe centre of the specimen); the value of the
diameter taken into account was the average ofetllesee measurements. The time of this
operation had to be minimized in order to reducg possible drying of the specimens, which
might change the initial suction and water conterd even cause the opening of eventual fissures
within natural samples. In this study, the timepoéparation for each specimen was less than 10

min.

After being weighted, the specimen was then coveritld a lateral filter paper (excepting
UU tests) and two filter paper disks on both efid® assembly was mounted between two porous
stones in the triaxial cell (Fig.4.1 (a) and Fid@.4b)) and, then, coated with a latex membrane
which is fixed by means of two O-rings. Before fixby the O-rings, we added air-free water
between the specimen and the membrane to mininkigecontent of the air for a perfect

saturation. Then, the operation continued by fijllihe triaxial cell with the water.
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R

(b)

Fig. 4.1 (a) Convention triaxial apparatus and (b)riaxial apparatus used for performing extension and

cyclic triaxial tests.

4.2.4 Saturation

Although the soil samples are generally saturatesitu, it is necessary to saturate the filter

papers and the porous stones in the triaxial @&lé saturation of the system was checked by
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increasing the cell pressure by about 50 kPa aresunimg B =Auy/ Ags. When the B value is

higher than 95%, the specimen is considered tatgated.

In their study on the stiff London clay, Bishopa¢i{1965) and Atkinson (1975) applied back
pressuresy, of 211 kPa and 281 kPa respectively for the cotapdaturation of the specimen.

During this study, the back pressure of Mervillayclvas usually between 200 and 400 kPa.
4.2.5 Consolidation

In this study, the specimens were consolidated madgven effective pressure between 50
kPa and 700 kPa. During the consolidation stage,dfainage system remained open. The
consolidation was completed when the volume charighe specimen was stabilized which can
be measured by the GDS system. The duration ofttirisolidation phase reached sometimes 20

days, but in general, it lasted from 7 to 10 days.
4.2.6 Shearing stage

One of the important factors which affect the shataength of soils is certainly the strain
rate. In this study, according to ASTM standards2@50-95 and D4767-95), the axial strains

rates were 43.5 %/h and 2.57 %/h for UU test andCliest, respectively.

Moreover, the influence of the strain rate is dejgem on the test condition (drained or
undrained). Thus, after studying the strain rafectfon the behavior of the clay in undrained
triaxial tests, Graham et al. (1983), Prepaharaai. €1989) and Sheahan et al. (1996) made some
conclusions. They reported that, if the strain rafs too high, it produced a non-uniform
distribution of excess pore pressures across theirapn during shearing, which could affect the
test results. Because of the clamping due to thieusostones, the ends of the specimen cannot
deform freely during shearing. Therefore, the defation of the specimen is not strictly
cylindrical, and the stress state is not perfecthyform. If the strain rate is very high, as
mentioned above, the pore pressure at two endedfiecimen is greater than that at the center of
the specimen. It is important to point out thasthhenomenon is more prominent in the case of

overconsolidated soils than normally consolidatts §Hieng, 1991).
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In the other hand, if the strain rate is low enqutjle circulation of water in the specimen
allows the total dissipation of the pore pressuaignts which developed from the ends to the

center of the specimen. Thus a uniform pore pressuthe specimen is obtained.

Early works by Richardson & Whitman (1963), Alber®o Santoyo (1973), and Vaid &
Campanella (1977) demonstrated that a higher stati results in a higher undrained shear
strength. Vaid & Campanella (1977) found that thedrained strength increased by 5 ~10% for a
10-fold increase in rate of testing for Saint-J&aamnney clay. Graham et al. (1983), Lefebvre and
LeBoeuf (1987), and Sheahan et al. (1996), amohgrst conducted studies on the strain rate
dependent stress-strain behavior of a wide rangeluésive soils. Graham et al. (1983) found that
undrained shear strength increases by about 9% f@0&010-fold change in strain rate for highly
plastic natural soft clays. The study of the straite effect on a stiff clay was also performed by
Sorensen et al. (2007). They indicated that theaindd shear strength increases by about 2%

~4% for a 4-fold change in strain rate for Londdayc

Another important factor which affects the sheaergjth of the clay is the fissures in the
specimen. The fissures are “small fractures exjdtirclay and siltstone beds, but not crossing the
bed or horizons within the bed” (Fookes & Parridl969). Faults and sheeting, which are

low-angle joints, were added by Skempton et al69)20 the above types of fissures.

The distribution and the orientation of the disaaouties are thought to reflect the structure
bedding and the erosion history of the clay. Basethe study of London clay at Wraysbury and
Edgware, Skempton et al. (1969) observed thatiiseres are randomly orientated and have an
irregular area. The mean size of the fissures dsese and the number per unit volume
correspondingly increases as the upper surfacheotlhay is approached, suggesting that stress

releases and weathering play an important rolesgufe genesis.

Terzaghi (1936) pointed out that such minor stnadtufeatures are characteristic of
overconsolidated clays, and showed that the ovetralhgth of these ‘stiff, fissured clays' could be
as low as one fifth to one tenth of the strengtimaasured on small samples of intact clay. In the
case where the rupture occurs along a fissureobtans a lower limit of the shear strength; if

rupture occurs within the intact soil mass, an upipat of the shear strength is then obtained, as
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shown in Figl.17 (Ward et al., 1965). Thus, thedam clay and Flanders clay clearly belong to

this category.

In addition to analyze factors which affect theahstrength of the clay in triaxial tests, we
also investigated the shear strength anisotromatfral Merville clay. CIUC triaxial compression
tests were performed on specimens cut from the skapih with their long axes either vertical or
horizontal. It should be noted that, if not othesavspecified, all the specimens were cut vertically

from the Merville clay stored in the PVC tubes.

4.3 Test results and analysis

All the intact specimens of Merville clay were takeelow the water table. Based on the test
results shown at Chapter 2, the degrees of satarafithese intact samples were 100%. In all the
tables below, the symba;, represents the axial strain at the maximum des@stressy. The
symbols,o’, and a’,, represent the effective axial stress and effectadial stress, respectively.

The deviatoric stress, is equal to the value of'¢-o').
4.3.1 UU test results on natural samples and analgs

The basic parameters of the specimens and UU éssits are presented in Table 4.1.
According to the results of UU triaxial tests, tedues of all the excess pore pressuxesvere
very small, probably due to an imperfect saturatbrthe specimens. The relations between the

deviatoric stresg and the axial straig, are presented in Fig.4.2 to Fig.4.11, for the ©&ig.

Many problems encountered in soil mechanics arata@lto the characteristics of soll
strength. However, it should be noted that the tefrehear strength, includes both a concept of
failure and a concept of excessive deformation.sTlthe failureof the soil occurs, for example,
both by the debonding between soil particles angliding along the rupture plane, thereby
producing the distortion in the soil mass. The slsér@ngth of a soil is defined as the value of the

shear stress at the time of failure of the sadlp @lalled deviatoric stress at failure.

In practice, the difference between the maximum &mel minimum principal stresses

(0's-0')s Or (04-0y); at failure is used as a measure of the shearmgshrexf the soil.
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The shear strength of a soil is usually expresgetidfollowing equation

1, =c+ (g —u)tgy’ (4.1)
where: 1; is the shear strength on the rupture planés the total normal stress in this plane, u is
the pore pressure, is cohesion intercepd is the effective internal friction angle. Thisuation

corresponds to the Mohr-Coulomb theory which cqoesls to as straight line in the Mohr plane.

For UU tests, the interpretation is usually madeatal stresses. For perfectly saturated
samples, the failure envelope for the total stiMehr’s circles will be a horizontal line and hence
is called ag=0 condition In Fig.4.12, the total stress Mohriscles at failure of the natural
samples at the depth of 5 ~6 m from the borehol& &@ shown. Only at high confining
pressures (200 and 400 kPa), the values of the sheagths are similar, whereas lower values
are obtained at lower confining pressures (0 an@ kPa). The proper reasons for this
phenomenon can be found either in the non-homotenéithe clay microstructure or in the

non-saturation of the specimens or in both of them.

As mentioned above in Chapter 2, the Merville daa fissured clay. The micro fissures
may exist in natural samples of UU tests. The éftédissure will be discussed in Section 4.3.2.
in this Chapter. Unlike the CIUC tests, there i$ acstage for checking the saturation of the
specimens in UU tests. The samples may be unsatlucgdring UU tests at low confining
pressure, especially the confining pressure (0 kitath is smaller than the in-situ stress.
According to the results shown in Table 4.1, theaststrength values of the natural specimens at
the same depth and from the same borehole wereqmal to each other. Thus, the effects of
fissuration, non-homogeneity and non-saturatiosterithe samples for all the depths in the three

boreholes (SC1, SC2 and SC3).

Based on the results presented in Table 4.1, gnd.E to Fig.4.11, the breaking of the soll
specimens can be easily observed in the curvdseddeviatoric stress versus axial strain, such as
for the specimen UU26. Then the shear strengtha(;); and the axial strain at the breakigg
which represent the peak point in the curve, caolitained. However, for other specimens, the
failure of the soil was difficult to determine frothe stress-strain curve, such as for the specimen

UU2. The value of the deviatoric stress increagadicuously until the shearing test was finished,
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the axial strain reaching 30% at that time. Thhe,ghear strengtluv'¢-o'); and the axial strain at

failure & could not be obtained, even though a shear band be observed within the specimen.

In this study, we chose the value of the large#lastrain at failure equal to 15%. For the

specimens withd';-0')s andg; difficult to determine, the maximum deviatoricests at the axial

strain no more than 15% was used to representier strength, and this axial strain represented

the axial strain at failure. The results are shawthe Table 4.1 to Table 4.6. From this series of

UU tests, we can conclude that, due mainly to thiftuence of the fissures in the natural

specimens, the results show significant scattethin shear strength, as well as in the strain

amplitude at failure.

Table 4.1 Test results on natural specimens (UU).

Features at the maximum

Initial state o
Cell deviatoric stress
Unit Specimen Depth pressure o o
name (m) " Y Wo G a a
kPa)  g() )2 o' )il2
(kN/m¥)  (kN/m?) (%)  (kPa)
(kPa) (kPa)
uul 5.07 20.4 15.4 345 748 0 1.58 375 45.8
uu2 5.12 20.4 15.4 347 753 97.2 14.92 67.3 159.8
uus3 5.17 20.5 15.5 352 757 196.8 7.22 97.0 290.4
uu4 5.22 20.2 15.1 342 76.2 396.1 4.06 103.1 496.6
uus 7.03 19.7 14.8 305 936 0 14.86 1435 167.4
uue6 7.10 19.6 145 30.7 943 97.0 8.89 213.7 294.4
uu7 7.16 19.7 14.6 314 9438 196.8 13.37 116.0 312.
sc1 uus 7.20 19.3 15.1 305 952 394.4 10.04 137.8 526.
uu9 9.18 20.3 14.5 31.8 114.2 0 5.64 119.2 131.4
uulo0 9.22 20.0 14.8 321 1146 96.6 14.80 154.4 842
uull 9.30 19.9 14.9 31.1 1154 196.6 3.69 310.9 498
uui12 9.33 204 14.9 30.0 1157 395.8 3.58 328.4 6124
Uu13 10.13 195 14.4 347 1233 0 2.32 124.1 133.2
uUu14 10.18 18.9 14.5 33.8 1238 94.8 7.14 144.8 240
uui15 10.23 19.3 14.8 336 1243 196.6 4.08 2525 842
uul6 10.28 19.1 14.9 33.8 1248 3964 14.92 119.0 02.6
uu1l7 5.23 19.8 154 321 76.3 0 0.95 30.8 34.8
uu1s 5.28 19.2 15.1 335 76.8 98.2 3.28 91.5 196.0
sc2 uu19 5.76 19.3 15.0 322 814 197.7 5.39 186.4 A03.
uu20 5.82 19.0 14.9 30.8 820 397.1 14.64 111.3 B27
uu21 7.02 19.0 145 323 935 0 2.17 25.9 43.2
uu22 7.06 19.8 15.2 31.3 939 84.0 0.65 16.0 116.9
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uu23 713 195 150 322 945 1975  4.07 209.3 6125.
uu24 7.8 201 150 312 950 397.3  4.54 244.6 ®60.
uu2s  8.08  20.0 145 336 1037 0 2.46 37.6 54.1
uu26 813 192 153 335 1041 982  3.85 194.1 310.
uu27 819 202 152 336 1047 1976  3.55 1289 .45
uu28 824 202 153 341 1052 3993 1464 1295 4.917
Uu29 408 195 145 385 653 0 2.45 40.8 45.3
Uu3l 412 193 142 385 657 969  4.49 32.5 165.1
Uu3l 420 186 143 377 664 1965  4.90 77.4 279.5
uus2 422 189 142 383 666 3961  14.9 76.2 477.7
Uu33  6.06  19.3 147 313 843 0 3.24 77.3 79.8
cog UUs4 609 193 152 304 846 967 1279 1212 ®22.
uuss 615 191 146 306 851 1962 1493 1346  .B24
uuse 620 197 150 305 856 3957  3.80 2455 &35.
uu37 808 195 151 335 1037 0 1.96 35.3 38.5
uuss 818 197 150 332 1046 961 2.3 95.6 196.3
UuU39 823 196 150 328 1051 1963  9.03 2203 .6120
uu40 832 1938 153 323 1060 3955  4.09 2703  .6568
250
o0 | e,
glso - '
2100 | : - Uu1
E - Uu2
g 50 -~ Uu3
~- UU4

3 6 9 12 15
Axial strain £a (%)

Fig. 4.2 UU test results on natural specimens at¢hdepth of 5 ~6m from the borehole SC1.
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Fig. 4.3 UU test results on natural specimens at ¢hdepth of 7 ~8m from the borehole SC1.
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Fig. 4.4 UU test results on natural specimens at ¢hdepth of 9 ~10m from the borehole SC1.
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Fig. 4.5 UU test results on natural specimens at¢hdepth of 10 ~11m from the borehole SC1.
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Fig. 4.6 UU test results on natural specimens at ¢hdepth of 5 ~6m from the borehole SC2.
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Fig. 4.7 UU test results on natural specimens at ¢hdepth of 7 ~8m from the borehole SC2.
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Fig. 4.8 UU test results on natural specimens at ¢hdepth of 8 ~9m from the borehole SC2.
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Fig. 4.9 UU test results on natural specimens at ¢hdepth of 4 ~5m from the borehole SC3.
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Fig. 4.10 UU test results on natural specimens até depth of 6 ~7m from the borehole SC3.

600
©500 |-
o
<
400 -
3] 2o,
% 300 r - Uu37
o
S 200 - Uu38
g F T Ry -—UuU39
8 100 - UU40
QW KKK KK o KKK
0* ‘
0 3 6 9 12 15

Axial strain €. (%)

Fig. 4.11 UU test results on natural specimens &té depth of 8 ~9m from the borehole SC3.
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Fig. 4.12 Mohr’s circles at failure of natural speamens at the depth of 5 ~6m from the borehole SC1.
4.3.2 CIUC and CIUE test results on natural sampleand analysis
The basic parameters of the specimens subject€dU€ and CIUE tests are presented in

Table.4.2. According to the results of CIUC and Elliests, the curves of the relationship

between the deviatoric stregsand the axial straiw,, the relationship between the excess pore
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pressureAu and the axial strairg,, and the effective stress paths are presentedgid.E3 to
Fig.4.22. The failure of a stiff clay manifestseifsusually by a sudden and then a gradual plastic
flow, hence the term 'brittle and progressive fiegtwas given to this type of failure by several
authors, such as Hieng (1991), Josseaume (1998)asparre (2005) etc. The value of the axial

strain at failure for an intact specimen of a stiffy is small, mostly less than 4 ~5%.

It is this aspect of the phenomenon that maketetrésting to study the behavior of the stiff
clay after the peak stress. The peak stress ihedaafter a given deformation of the soil mass
and, after the peak, there is a sudden drop irshiear stress, which passes from its vajuat
peak to a valugyy. Then the failure of the clay mass will continlmyt gradually. As the
deformation increases, the shear stress will deerelbwly to stabilize at its residual valgeas

the deformation increases.

Based on the results in Fig.4.13 to Fig.4.22, fikesome of the results of UU tests, the peak
points in the stress-strain curves could not beesl for many natural specimens although these
specimens were already broken. For specimens shavireak deviatoric stress, the axial strain at
the peak was less than 6%, and mostly even less 4k@ Almost all the specimens did not
reached the residual states. For some specimeas é&suCIUC10 and CIUC18), the deviatoric
stress stabilized at the residual strength afertipture, whereas the excess pore pressure did not
stabilized. For most specimens, both deviatoriesstrand excess pore pressure did not reach the

residual state.

Bjerrum & Kenney (1967) gave an explanation of ttyige of failure, which would result
from a combined action of the structural resistaaceé frictional resistance of the soil particles.
During the formation of the clay, cementing bondsvelops between particles due to the
precipitation of fine particles from the chemicdieeation of the soil. The cementation bond
strength added to the action of surface energyefoi®’an der waals forces), is the structural
resistance of the soil, whereas the contact fobme/een the solid grains of the soil during
shearing is the frictional resistance. The totalistance is the combined effect of these two

resistances.
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During the shearing of a cohesive soil, the stmatttesistance is the first to be mobilized.
Having reached its maximum (Fig.4.23), the cemgnbonds break, thus approaching the solid
grains and multiplying their points of contact,stlgenerates the frictional resistance. From this
moment, there is a contradictory evolution of twogesses: the frictional resistance increases, the
structural resistance decreases with the breakirigeobonds. This combination of effects may
result in either an increasing or a loss of thaltstiding resistance of the soil, depending on
whether one of the processes prevails over ther ath@ot. This balance of the forces, which
depends on the nature of the soil and the stréin etc., would be responsible for the variation of
the shear strength according to the test rate andamentally determine the shape of the
stress-strain curve of different types of soilgy.#i23 presents the stress-strain curve of a plasti
overconsolidated clay. We can notice the predonueaof the structural strength over the

frictional strength, which is usually the casetiff sverconsolidated clays.

As shown in Fig.1.17, there are three differenteamrepresenting the effect of fissures in the
samples. Comparing Fig.1.17 and Fig.4.23, thess#ain curve of an intact non fissured sample
represents the predominance of the structural gifneMVhereas, when the frictional strength has
the predominance, it means that there are exi§isgres or no cementing in the sample. As the
existence of bonds in the natural sample of Mervillay has been demonstrated in Chapter 3,

there are fissures inside the specimen when ttigofnal strength is dominant.

The soil structure is affected by the presencdissiures. The structural strength of the
sample with fissures will be smaller than thatte# hon fissured sample taken at the same depth
and subjected to the same confining pressure. Wwasdemonstrated by the results obtained on
Merville clay, as shown by the results obtainedtmn specimens CIUC19 and CIUC20: tested at

smaller confining pressure, Specimen CIUC19 isngten than Specimen CIUC20.
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Table 4.2 Test results on natural specimens (CIUC an@IUE).

. Effective Features at the maximum (CIUC) or
Initial state o o
Uni Specimen Depth confining minimum (CIUE) deviatoric stress
nit
name (m) pressure
h Wo C'vo o’ (kPa) (%) Angle (0'<0')d2 (0'3+0")il2
& (%
(kN/mM®) (%)  (kPa) ' a (@ (kPa) (kPa)
CluC1 5.45 19.8 336 784 100.0 14.24 45 67.3 127.7
Cluc2 5.47 20.2 340 78.6 97.1 14.55 45 54.7 106.9
Cluc3 5.53 19.8 332 79.2 198.3 11.3 45 128.1 258.6
CIUE1 5.85 20.1 33.0 823 94.2 -2.65 29 -38.4 101.2
sc1 CIUE2 5.88 19.7 328 825 193.6 -2.07 68 -52.0 189.
Cluc4 7.36 19.7 317 96.8 96.6 135 50 132.3 180.9
CIUC5 7.40 19.5 321 971 100.3 5.31 52 86.6 158.1
CIUC6 7.55 19.8 328 986 200.5 6.36 67 149.3 239.2
Cclucz 7.58 19.7 32.2 98.9 399.0 14.90 55 198.6 895.
clucs 10.47 19.6 32.6 126.6 195.5 8.40 58 180.9 .264
CluC9 5.35 19.6 340 775 100.4 2.84 55 112.6 139.1
CIUC10 5.46 19.8 342 785 99.9 3.20 50 100.2 145.5
CluCi1 7.42 19.9 326 973 49.8 2.25 45 66.7 82.8
SC2
Cluci2 7.35 19.8 318 96.7 99.2 12.96 58 106.4 359.
CIUC13  7.48 194 316 97.9 95.8 9.85 45 137.9 215.6
CluCi4  8.32 19.3 33.0 106.0 93.1 5.49 45 110.6 449.
CluC15  8.39 19.4 33.8 106.6 194.8 9.42 38 159.6 834
CluC16  7.04 19.5 342 937 49.7 4.09 65 138.8 174.4
CluCci7  7.08 19.6 338 941 100.0 3.45 45 149.4 399.
SC3
CluCc18 7.16 19.9 346 948 199.6 3.94 45 172.5 D61.
CIuC19 10.20 19.2 32.7 124.0 46.3 3.29 56 196.8 .2190
CIuC20 10.25 19.0 33.1 1245 95.4 14.96 45 71.6 .6.14
Note: the symbola represents the angle of the rupture plane.
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Fig. 4.13 CIUC test results on natural specimens dlhe depth of 5 ~6 m from the borehole SC1: (a)

deviatoric stress versus axial strain and (b) excepore pressure versus axial strain.
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Fig. 4.14 CIUE test results on natural specimens e depth of 5 ~6 m from the borehole SC1: (a)

deviatoric stress versus axial strain and (b) excepore pressure versus axial strain.
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Fig. 4.15 CIUC test results on natural specimens dlhe depth of 7 ~8 m from the borehole SC1: (a)

deviatoric stress versus axial strain and (b) excepore pressure versus axial strain.
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Fig. 4.16 CIUC test results on natural specimens #le depth of 10 ~11 m from the borehole SC1: (a)
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Fig. 4.18 CIUC test results on natural specimens dlhe depth of 7 ~8 m from the borehole SC2: (a)

deviatoric stress versus axial strain and (b) excepore pressure versus axial strain.

HAN Jian (2014)

-111-



IV Behavior of Merville clay in triaxial tests

400 1

o ClUC14
x CIUC15

XX
XX X,

-
=X

-

w

o

o
T

Deviatoric stresg) (kPa)

X X X e X X X

6 9
Axial strain €a (%)

12

15

400

300

N
o
o

Excess pore pressupe (kPa)
=
o
o

0 3 6

(b)

o ClUC14
x CIUC15

9
Axial strainga (%)

Fig. 4.19 CIUC test results on natural specimens #éhe depth of 8 ~9 m from the borehole SC2: (a)

deviatoric stress versus axial strain and (b) excegore pressure versus axial strain.
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Fig. 4.20 CIUC test results on natural specimens #éhe depth of 7 ~8 m from the borehole SC3: (a)

deviatoric stress versus axial strain and (b) excegore pressure versus axial strain.
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Fig. 4.21 CIUC test results on natural specimens #ée depth of 10 ~11 m from the borehole SC3: (a)

deviatoric stress versus axial strain and (b) excegore pressure versus axial strain.
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The effective stress paths of natural samples ttowe different boreholes were presented in
Fig.4.22 (a), Fig.4.22 (b) and Fig.4.22 (c), respety. Then based on the results on Flanders clay
and London clay summarized by Biarez & Hicher (Hick& Shao, 2002) in Fig.1.18, we
summarized the results on these three clays showigi4.22 (d). Each hollow point represented
the maximum deviatoric stress of each triaxial wmstMerville clay. The maximum deviaotric
stresses of Merville clay are similar with the deswn Flanders clay, whereas are below the

maximum stress line of London clay.
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Fig. 4.22 CIUC and CIUE effective stress paths ofatural specimens from: (a) the borehole SC1, (b) th
borehole SC2, (c) the borehole SC3 and (d) all theshree boreholes of Merville clay comparing with lte

Flanders clay and London clay.
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Fig. 4.23 The scheme of the development of shearestgth during the deformation of the soil.
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4.3.3 CT imagining and SEM analysis for a natural ample after shearing

In Chapter 2, the procedures and machines of then@gining and SEM analysis for a
natural sample before testing were introduced.hm following sections (Section 4.3.3.1 and

Section 4.3.3.2), the micro-analysis for anothéursd sample after shearing is done.
4.3.3.1 CT imagining

A natural specimen taken at 10.5 m depth was pe€lgar a compression test. The specimen
was broken with a clear failure band after the c@sgion test shown in Fig.4.24. Fig.4.25 to

Fig.4.28 present the CT imagining of this specimen.

Fig. 4.24 A specimen with a shear band for CT imaging.

There is a shear band running through the speciiiem plane is not perfectly straight. The
angle of this plane with the horizontal plane isatth8°. The values shown in Fig.4.26 are 3032.7
pm, 250.8um and 989.2um from top to bottom. Thus, the value of the widestt of the shear
band on the top face is about 0.99 mm. The sheat bas a rough plane in Fig.4.27. The values
from top to bottom are 354m, 3596.3um, 1043.7um and 494.Qum respectively. Thus, the
value of the most bulgy part is about 1.04 mm. \&ie also observe the light areas on the surface
(including the top face) of the specimen. The gpeai at 10.5 m depth is also inhomogeneous

with some denser inclusions.
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Fig. 4.25 CT imagining of the specimen with a shedrand in 3D.

Fig. 4.26 CT imagining of the specimen with a shedrand in planform.

HAN Jian (2014) -116-



IV Behavior of Merville clay in triaxial tests

Fig. 4.27 CT imagining of the specimen with a shedrand in longitudinal section.

Fig. 4.28 CT imagining of the specimen with a shedrand in perspective.
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4.3.3.2 SEM analysis

A small partof the same specimen close to the shear band wpaned (Fig.4.29). Fig.4.30

to Fig.4.33 show photos of this sample at differeagnifications.

At low magnification, the sample after the compr@assest reveals the presence of non
oriented fabrics, whereas some parts appear veoptsndue to significant shearing within the
shear band. At high magnification, the structurpeaps very different from that observed in the
natural sample taken at 10.4 m depth in Fig.2.2Bi¢go2.22. Broken clay particles can be seen

throughout the whole scanning plane and have nghrghape. The framboid crystals can also be

observed.

Fig. 4.29 The natural sample taken at 10.5 m: (a) slr band after triaxial test and (b) one part seleed for

SEM analysis.
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Fig. 4.31 Merville clay sample with a shear band: @n-oriented particles in the concave.
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Fig. 4.32 Merville clay sample with a shear band: hite framboids crystals.
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Fig. 4.33 Merville clay sample with a shear band: foken particles.

HAN Jian (2014) -120-



IV Behavior of Merville clay in triaxial tests

4.3.4 Strain rate dependency

As mentioned above, one of the important factofsctihg the shear strength is the strain
rate. Thus, in this section, the strain-rate depeog of the shear strength for the natural and

reconstituted samples of Merville clay is discussed

Various studies reported in the literature showt thiferent soils, for example, sands, weak
rocks and soft clays, have different responsefidachange in strain rate (Casagrande & Wilson
1951; Lo & Morin 1972; Lefebvre & LeBoeuf 1987). tBe comprehensive researches on
reconstituted clay have been done by Sheahan €t19486) and Zhu & Yin (2000), wit®@CR
varying from 1 to 8. Progress in quantifying andlerstanding the undrained strain rate effects
requires additional comprehensive data on a vaoétyoil types. There are not many reliable
data available on the time-dependent behavior ifff days with differentOCRs, particularly
natural stiff clays. Some laboratory tests on Landtay with different strain rates have been
conducted by Sorensen et al. (2007). But the infleeof OCR on the strength behavior was not

analyzed.

Thus, this thesis focuses on investigating theaiérite of strain rate a@CRon the strength

behavior of Merville clay.
4.3.4.1 Reconstituted samples

In this study, three series of undrained triaxiaipression tests on reconstituted samples
with OCR=1, 7 and 14 were performed. Table 4.3 presentsethdts of CIUC tests at different
strain rates. It gives the pre-shear consolidaginess condition (effective consolidation pressure

o', and the OCR), and the stress-strain propertifteeanaximum deviatoric stress.

Fig.4.34 (a) shows the relationship betwego', and the axial strairg,, where q is
normalized with respect to the consolidation pressm,. The undrained shear strength of
normally consolidated reconstituted samples in@gagth an increase in the strain rate. Fig.4.34
(b) indicates the changes in the normalized poesgureAu/c’, with the axial strain during
shearing. With similar values of the consolidatmassures’y, the evolutions of the pore pressure
at different strain rate are similar, even for kigher strain rate of 25.89 %/h. Thus, we believed

that the eventual non-uniformity of the pore pressmay be ignored during shearing. The stress
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ratios g/p' versus axial strain are illustrated in Fig.4.8% (The curves at the two higher strain
rates of 2.57 %/h and 25.89 %/h are similar, wherthee stress ratio is slightly lower at the strain
rate of 0.26 %/h during shearing. Fig.4.34 (d) shdwat higher strain rates correspond to higher
peak stresses. The best-fitting line for the refethip between the normalized peak stress and the

axial strain rate can be represented by a stréighin a semi-logarithmic plane.

Fig.4.35 to Fig.4.36 present the relationship betwthe normalized deviatoric stress and the
axial strain (a), the relationship between the radizad pore pressuind the axial strain (b), the
relationship between the stress ratio and the atiain (c), and the relationship between the
normalized peak stress and the axial strain rafefdid the test series wittOCR=7 and 14,
respectively. The strain-rate effects on the deviatstress and pore pressure response appear
clearly. Similar to the tests &ICR=1, higher strain rate leads to higher shear strefdnlike the
response of pore pressure in MER=1 test series, the pore pressures iNQAHR=7 and 14 test
series firstly increase and then decrease witmarease in axial strain. The increasing stages of
pore pressure and the maximum pore pressure fee ttifferent strain rates of ea@CR test
series are similar, thus, we believed that here thls non-uniformity of the pore pressure may be
ignored during shearing for the overconsolidatezbmstituted samples. Fig.4.35 (c) shows that
higher strain rate results in higher stress rdityever, a similar phenomenon is not observed in
Fig.4.36 (c). Fig.4.35 (d) and Fig.4.36 (d) showatthigher strain rates correspond to larger peak
stresses in th©®CR=7 and 14 test series, respectively. The bestdittine for the relationship
between the normalized peak stress and the ardéh sate can be represented by a straight line in

a semi-logarithmic plane for ea€@iCRtest series.
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Table 4.3 Test results on reconstituted specimens different strain rates.

Initial  state of specimens Consolidation presgkira) Features at the maximum deviatoric stress

Unit Depth (m) OCR Strain rate (%/h)
o] A"
o, (kPa) Wy (%) m(g) First stage Second stage & (%)
(kPa) (kPa)

100 50.4 117.8 99.1 1.0 0.26 4.75 85.3 37.3

100 50.3 119.2 100.1 1.0 2.57 4.52 89.1 42.0

100 50.2 118.0 99.6 1.0 25.89 4.27 92.3 40.5

100 50.3 118.7 699.8 99.0 7.1 0.26 6.04 183.5 22.5
scz  10-11 100 498 1188 697.0 100.2 7.0 257 5.79 197.5 325

100 50.1 119.0 701.0 99.7 7.0 25.89 5.64 219.6 33.3

100 49.8 117.1 700.3 50.7 13.8 0.26 4.87 121.3 15.2

100 49.9 117.3 699.1 49.7 14.1 2.57 4.88 134.9 10.5

100 49.9 118.0 699.0 49.8 14.0 25.89 7.61 154.1 9.2
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Fig. 4.34 Test results on reconstituted specimens @CR =1: (a) normalized deviatoric stress versus &

strain, (b) normalized pore pressure level versusxal strain, (c) stress ratio versus axial strain ad (d)

normalized peak shear stress versus axial strain.
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Fig. 4.36 Test results on reconstituted specimens @CR =14: (a) normalized deviatoric stress versus axial
strain, (b) normalized pore pressure level versusxal strain, (c) stress ratio versus axial strain ad (d)

normalized peak shear stress versus axial strain.
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Fig. 4.37 (a) Relationship between normalized peahear stress and axial strain rate, (b) relationsipi
betweeng,and OCR and (c) relationship betweerp, and OCR.
To characterize the influence of the strain ratetlom shear strength, Bjerrum (1973)
suggested that the undrained shear strength \anesst linearly with the logarithm of the strain
rate, expressed as follows:

£a0 a0

where (q, /o', )g is the normalized undrained shear strength favengstrain raté, ; p,is the

coefficient of strain rate influence defined forederence strain ragg, .

The strain rate of 0.26 %/h is chosen as the neferstrain rate,, for each OCR test series

of reconstituted samples. FOICR=1, 7 and 14, the values of the coefficigit, are 0.040, 0.079,

and 0.142, respectively, which are obtained from(48). A straight line is used to represent the

relationship betweem and OCR shown in Fig.4.37 (b). The average vaiug_ppis 0.090.
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Fig.4.37 (a) shows the relationships between thiealized undrained shear strengffid’o)

and the axial strain rates() summarized from Fig.4.34 (d), Fig.4.35 (d), angd.436 (d). For

each OCR, the set of test points is fitted withtraight line in a semi-log diagram, and the

equations of these lines are shown in the Figune Slope of each line reflects the rate of the
undrained strength increase with the strain rate. lope ofy/c’, versus log(¢,) can be denoted

as (Zhu &.Yin, 2000):

_A(q /0%)
Py _m (4.3)

Fig. 4.37(a) demonstrates that higher OCR valuesespond to larger values of the slope.
ForOCRvalues of 1, 7 and 14, the values of the slapare 0.040, 0.171 and 0.350, respectively.
In their study, Zhu &.Yin (2000) obtained valuestbé slopgo, equal to 0.0141, 0.0343, 0.0565
and 0.0469 for the reconstituted samples of Hongdgkimarine clay wittOCRvalues of 1, 2, 4
and 8, respectively. For a givéDCR value (such a®©CR =1), the effect of the strain rate is

greater on reconstituted samples of Merville clanton Hong Kong marine clay.

Fig. 4.37(c) shows the relationship betweggnand OCR in which g, appears to increase
linearly with the OCR. It can be concluded thatfeconstituted samples the strain rate influence

on the normalized undrained shear strength is grréat highetOCRs
4.3.4.1 Natural samples

In this study, four series of undrained consolidatexial compression tests of samples with
OCR=7, 14, 28, and 56 were performed. Table 4.4 ptesdéime results of tests on the
overconsolidated specimens. It gives the pre-stoeasolidation stress condition (effective
consolidation pressure'y, and actualOCR), and the stress-strain properties at the maximum

deviatoric stress (failure) and at the maximum sgq®re pressure during shearing.

Values of interest for the comparative study aresented in Table 4.4. For each test, the
axial straing, at the maximum excess pore pressure is less Heaxial straing at the peak
stress, which means that the maximum excess pessymeAuy, is reached earlier than the peak

shear stresg.
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Fig.4.38 (a) presents the relationship betweemtrenalized deviatoric stress and the axial
strain for the test series witbhCR=7. Strain localization and shear band formationenwsbserved
within these overconsolidated specimens even at ltheest strain rate. The axial strain

corresponding to the peak stress increases withicagase in the strain rate.

In the study of the strain rate effect, one possgrbblem is the redistribution of pore water
at high strain rates. However, based on the datalie 4.4, we can notice that the values of the
maximum pore pressurésu, and the axial straingy for three different strain rates are very
similar. Fig.4.38 (b) presents the relationshipweein the excess pore pressure and the axial
strain. The two curves at the low strain rates@®&h and 2.57 %/h) are almost identical before
reaching the maximum pore pressure. However, fthibhest strain rate (25.89 %/h), the value

of normalized pore pressure is greater before reg¢he maximum pore pressure.

The relationship between the stress ratio and Xfe strain is shown in Fig.4.38 (c), where
p' = (0'1+20%3)/3 is the mean effective stress. These three sumiraost coincide during the first
stages of the loading and then diverge before #ak pf the stress-strain curve. Fig.4.38 (d)
shows that higher strain rates correspond to lapgek stresses. The best-fitting line for the
relationship between the normalized peak stresstlam@xial strain rate can be represented by a

straight line in a semi-logarithmic plane.

Fig.4.39 to Fig.4.41 present the relationship betwthe normalized deviatoric stress and the
axial strain (a), the relationship between the sxgeore pressure and the axial strain (b), the
relationship between the stress ratio and the atiain (c), and the relationship between the
normalized peak stress and the axial strain rgtdofdthe test series witbCR=14, 28 and 56,
respectively. Strain localization and shear bamoh&tion were observed in these overconsolidated
specimens for the tests at the three strain raitesvalues of the axial strain corresponding to the
peak stress and the maximum pore pressure aretadoneal. Fig.4.39 (a) to Fig.4.41 (a) show that
higher strain rate leads to higher shear strergtbach figure of Fig.4.39 (b) to Fig.4.41 (b) for
the evolution of the pore pressure, the three cuane almost identical before reaching the
maximum pore pressure, which means that the ewolutf the pore pressure is almost

independent of the strain rate before reachingrtagimum pore pressure. We can conclude that
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in the tests at the strain rate of 25.89 %/h wi®R314, 28 and 56, the non-uniformity of the pore

pressure may be ignored.

Fig.4.39 (d) to Fig.4.41 (d) show that higher straate leads to higher peak stress. The
best-fitting line for the relationship between thermalized peak stress and the axial strain rate

can also be represented by a straight line in &®gnadiagram.

The results of these four series of undrained ialasompression tests on natural samples

with OCR=7, 14, 28, and 56 are summarized in Fig.4.42.
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Table 4.4 Test results on natural specimens at défent strain rates.

Features at the maximum Features at maximum

Initial ~ state of specimens Strain .
] Depth Effective confining deviatoric stress excess pore pressure
Unit — OCR rate
(m) Preconsolidation h W Wo T'vo pressuras’, (kPa) & Angle O Aug Aup,
3 3 (%/h) & (%)
pressure (kPa) (kN/m?)  (kN/m?) (%) (kPa) (%) a (©) (kPa) (kPa) (kPa)
10.38 2750 19.5 14.8 315 125.7 401.4 6.9 0.26 2.6161 631.2 164.0 2.31 168.1
10.43 2750 19.7 14.9 31.8 126.2 399.8 6.9 2.57 3.1464 690.2 160.3 2.54 167.9
10.30 2750 19.5 14.9 313 125.0 400.1 6.9 25.89 4 3.6 64 768.8 185.2 3.06 194.2
10.20 2750 19.5 14.8 31.6 124.0 199.3 13.8 0.26 9 3.4 64 426.6 107.2 2.99 117.2
10.25 2750 19.5 14.8 318 1245 200.3 137 257 333 64 484.0 116.3 3.09 117.3
10.28 2750 19.5 14.8 315 124.8 200.1 13.7 25.8970 3. 61 532.3 113.9 3.30 116.4
SC2 1053 2750 195 148 321 127.2 100.3 274 026 03768 3710 652  2.37 81.6
10.73 2750 19.6 14.8 321 1291 101.2 272 052 03.2 63 3874 779 2.38 81.8
10.65 2750 19.7 15.0 31.6 128.3 100.8 27.3 257 629 63 415.3 80.7 2.47 88.8
10.58 2750 19.7 14.9 321 127.7 994 27.7 25.89 0 3.1 65 4552 74.0 2.61 78.1
10.15 2750 19.7 15.0 315 1235 50.8 54.1 0.26 2.9261 3124 35.0 1.60 41.0
10.60 2750 19.6 14.9 312 1279 49.9 55.1 257 2.5054 336.6 34.1 1.55 37.2
10.48 2750 19.7 15.0 31.3 126.7 49.3 558 25.89 9 2.6 58 383.3 31.2 2.13 36.9

Note: Auy, is the maximum excess pore pressggds the axial strain correspondingZap,.
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Fig. 4.42 (a) Undrained effective stress paths atfterent strain rates, (b) relationship between nomalized

peak shear stress and axial strain, (c) relationspibetweeng, and OCR and (d) relationship betweeng, and

OCR.

Fig.4.42 (a) presents the effective stress pathifigrent confining pressures (50 kPa, 100

kPa, 200 kPa and 400 kPa) and at different stetgsr(0.26 %/h, 2.57 %/h and 25.89 %/h). We

obtained three parallel failure lines for the thdééerent strain rates (Fig.4.36 (a)). Thus, tleakp

friction angle @, appears independent of the strain rate. Its makre is 24°.

The strain rate of 0.26 %/h is chosen as the neéerstrain rate,, for eachOCRtest series.

For OCR=7, 14, 28 and 56, the values of the coefficigpt,are 0.101, 0.128, 0.124 and 0.099,

respectively. The average value gf)is 0.113.

Fig. 4.42b) shows the relationships between the normalizettaimed shear strengtb/o'o)

and the axial strain rate() summarized from Fig.4.38 (d), Fig.4.39 (d), Fig6 (d), and

Fig.4.41 (d). For eaclOCR the set of test points is fitted with a straighe in a semi-log

diagram, and the equations of these lines are showiy.4.42 (b). The slope of each line reflects
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the rate of the undrained strength increase wihsthain rate. The relationship between the slope

of g/0’g and log(é,) can be represented by Eq. (4.3).

Fig.4.42 (b) shows that high@CRvalues correspond to larger values of the slop©foRs

equal to 7, 14, 28 and 56, the values of the sopd.172, 0.263, 0.418 and 0.717, respectively.

Fig.4.42 (c) shows the relationship betwggrandOCR in which the values gf, have the
irregular distribution with an increase @CR Fig.4.42 (d) shows the relationship betwgg@and
OCR in which g, appears to increase with an increasé€@R It can be concluded that for
Merville clay the strain rate influence on the nalized undrained shear strength is greater for

higherOCRs.

4.3.5 Undrained shear strength anisotropy

Based on the test results shown in Table 4.5 afibid.43 and Fig.4.44, it is noticeable that
there are fissure effects in some of the naturatispens prepared in the vertical direction. The
deviatoric stress for the specimen V200 increasesirmiously up to an axial strain of 15%. The
axial strains corresponding to the peak stressdiseo$pecimens V100 and V200 are 9.30% and
3.92%, respectively. Unlike the stress-strain csiofthe vertical specimens, the peak stresses can
be easily observed at axial strains less than 3c0%ne horizontal specimens in Fig.4.44 (a). The
microstructure and maybe the fissure orientati@mws® play a significant role in the anisotropic

behavior of Merville clay.

At the same confining pressure, the value of theaststrength for a horizontal intact
specimen (H200) is 1.7 times greater than thahefvertical intact specimen (V200). For the
other two confining pressures (100 kPa and 50 kfhaye are 1.2 times and 2.5 times greater.
After the peak stress, the deviatoric stress rehcigidly the residual stress for all the horizbnta
specimens, whereas the evolution of the deviatslriess was more progressive after the peak

stress for the vertical specimens.

Fig.4.43 (b) and Fig.4.44 (b) present the poregumesevolution versus the axial strain. For
each direction, the higher confining pressure cdussédigher pore pressure. The pore pressure

evolution was not significantly affected by the cpgen orientation.
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Fig.4.43 (c) and Fig.4.44(c) present the effectitress paths for the specimens prepared in
the vertical and horizontal directions, respectiv@lhe paths turned to the right for the horizontal
specimens, but turned slightly to the left at tlegibning of the loading, then to right for the

vertical specimens.

In his paper, Burland (1990) presented the tesfltsesn London clay samples prepared in
the vertical and horizontal directions (Fig.4.4%).(@here is a unique intact failure line for the
London clay, but the tests were performed at higloesolidation pressures. The six stress paths
of Merville clay were summarized in Fig.4.45 (K)can be noticed that there are two intact failure
lines for these two directions. The horizontal $pens appear more resistant than the vertical
ones. This could be the consequence of the instiess history. The important OCR led to
stresses higher in the horizontal directions timainé vertical one, and consequently to an oriented
microstructure. This aspect is less marked for loondlay collected more deeply and tested at

higher consolidation stresses during the triaxdatd.
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Table 4.5 Test results on natural specimens prepadeat different directions (vertical and horizontal).

Initial  state of specimens ) N Features at the maximum deviatoric stress
Unit Specimen name Depth (m) Long axe " P Effective c'on:nlng Angle  (0's0")2 (0'+0")2
ot gauny W09 SolPa) PESIELEDS 00 a@ ) (kPa)
V50 6.05 Vertical 19.7 14.9 32.1 84.2 50.5 11.82 75 721 119.1
V100 6.36 Vertical 19.7 15.0 31.7 87.2 100.0 9.30 6 6 148.2 218.6
sc2 V200 6.58 Vertical 19.5 14.8 315 89.3 200.0 3.92 4 6 179.3 282.0
H50 6.28 Horizontal 19.6 14.9 315 86.4 49.8 2.27 9 6 1771 196.9
H100 6.47 Horizontal 194 14.8 313 88.2 98.8 2.54 52 192.6 2447
H200 6.67 Horizontal 19.4 14.8 311 90.1 200.0 2.75 67 304.9 414.5

Table 4.6 Test results on reconstituted specimenSIUC and CIUE).

Specimen  Initial  state of specimens Consolidation presgkira) Features at the maximum (CIUC) or minimum (CIUE)id#oric stress

Unit  Depth (m) OCR

name ay(kPa) w(%) m(9) First stage Second stage & (%) 0'x0')i/2 (kPa) 6'.+0')2(kPa)

rCIUC1 300 38.8 123.0 400.0 99.4 4 14.89 96.1 186.3
rCIUEl 300 38.9 122.9 399.5 99.6 4 -8.18 -85.0 308.

scs 78 rCluc2 300 38.1 123.5 399.9 1 8.22 154.2 362.7
rCIUE2 300 378 1252 289.9 1 -13.3 -114.1 193.6
rCIuC3 100 50.3 119.2 199.2 1 7.71 81.8 196.2

SC2 10 ~11 rCluc4 100 50.1 119.1 400.6 1 11.75 171.6 407.0
rCIUC5 100 50.1 1185 699.9 1 11.48 297.0 705.9
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Fig. 4.45 (a) CIUC tests on vertical and horizontahatural specimens of London clay (Burland, 1990) ah(b)

tests on vertical and horizontal natural specimensf Merville clay.

4.3.6 Failure envelopes under triaxial condition

As presented in Table 4.1, Table 4.2, Table 4.3Talde 4.5, the data on the undrained shear
strength of natural samples are, overall, difficalinterpret. In fact, on one hand, the majority o
these triaxial tests were done on the samplesfisighres. On the other hand, these test specimens

were broken during loading following different imed sliding planes.

When the inclinationa of the rupture plane is taken into account, theashstrength

mobilized is not equal td; = (0'y-0')+/2, but equals te; = [(0'5-0')¢/2]sin ().
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Firstly, we traced the failure envelopes in theplafs = [(0',+0")/2 andt = (0',-0')/2 from
the points of coordinatesy andt;, which represented the state of the principakses applied to

the specimens at the time of rupture (or the marirdeviatoric stress).

The observed inclination of the rupture plane temfvery different from these values, it was
also determined by plotting the rupture envelopesthe plane ¢, 7) from the points of
coordinateso’s and i that denote the normal and tangential componeintheostresses. These
stress components are applied to the fracture maribe time of the failure (or the maximum

deviatoric stress) which are calculated from theressions:

o' =s}+{ cos(zr ) (4.4)

I, =t sin(2x) (4.5)
The results of all the UU, CIUC and CIUE testshd hatural specimens at the normal strain
rate (2.57 %/h) were summarized in Fig. 4.46. Thiesalts include also the results on the vertical
specimens in the anisotropic analysis and theteesfithe normal strain rate in the analysis of the

strain-rate dependency.

Fig.4.46 (a) presents the test results obtainddeiplane g, t). Fig.4.46 (b) presented the test
results taking into account the actual inclinatiorof the failure planes. Unfortunately, the
inclinations of the rupture planes in the UU temts not accounted. Thus, only CIUC and CIUE

test results were presented.
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Fig. 4.46 (a) Failure envelopes obtained in the pie (S, t) and (b) failure envelopes taking into account the
actual inclination a of the failure planes.
Based on Fig.4.46 (a), each point in compressishigdimited by two straight lines defined
by the following parameters: = 0 kPag = 9.5° anct' = 96.8 kPag = 26.2°. The average values
of the strength parameters (obtained by the reigredme) arec' = 38.2 kPap = 23.8° in

compression with the determination coefficiefiteQual 0.536.

Taking into account the resistance mobilized althmy rupture planes led to substantially
different results which are shown in Fig.4.46 (dpst points in compression test are limited by

two straight lines defined by the following paraerstc' = 0 kPag = 26.1° andt' = 105.4 kPag
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= 26.7°. The average values of the strength paemébbtained by the regression line) dre

43.1 kPag = 26.7° in compression with the determinationficient R* equal 0.532.
4.3.7 Critical state line

The basic parameters and test results on the r@coed specimens are shown in Table 4.6.
In Fig.4.47 (a) and Fig.4.48 (a), the stress-steairves showed that there was a tendency for the
reconstituted specimens prepared at different defptiheach a stable state, although the specimen
rCIUE1l did not seem to have reached the criticatestThe stress paths of the reconstituted
specimens were summarized in Fig.4.47 (c) and Hig.4&). In compression, the results show a
unique critical state gradiem, of 1.0, regardless of the nature of the clay &edint depths.
Based on the results of CIUE test results on rditatesd specimens, the critical state gradient in

extensiorM, equals 0.90.

In Fig.4.49, the stress paths of the compressiets ten five reconstituted specimens are
shown ine-log (p") plane. The initial void ratios of the recongiédi samples at the depth of 7 ~8
m and 10 ~11 m were 0.953 and 1.347, respectiVélg.points 1 and 2 represent the initial states
of the reconstituted samples at the depths of I0mland 7 ~8 m, respectively. TkgO line
represents the isotropic consolidation line, arel@SL line represents the critical state line. As
shown in Fig.4.49, the normally consolidated spetismnhave reached the critical state, but the

over-consolidated specimen has not.
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Fig. 4.47 Test results on reconstituted specimensofin the borehole SC3 at the depth of 7 ~8 m: (a)
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paths.
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4.4 Conclusions

In this chapter, a series of UU, CIUC and CIUE geskere carried out on natural and
reconstituted specimens of Merville clay. The psgmf this experimental program was to
analyze the shear strength, the fissure influetheestrain rate effect and the anisotropic behavior
of this natural clay. The critical state lines iongpression and in extension were also obtained

from the behavior of reconstituted specimens.

The following conclusions can be drawn from thespre study:

(1) Due mainly to the influence of the fissureghia natural specimens, the results of UU and
CIUC tests show significant scatter in the sheegngith, as well as in the strain amplitude at

failure.

(2) All the natural specimens of Merville clay cae divided into intact specimens and
specimens with fissures. Based on the schemegyid.Eiand Fig.4.35, the stress-strain curve of
the intact specimen represents the predominandbeobtructural strength; whereas, when the

specimen contains initial fissures, the frictiosgiength has the predominance.

(3) For both natural and reconstituted specimenghen strain rates result in higher
undrained shear strengths for differedCRs within the tested strain-rate range. For natural

specimens witltOCRvalues from 7 to 56, the average value of tharstate influence parameter
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P, is 0.113. For reconstituted specimens with OCResfrom 1 to 14, the average value of
is 0.090. These values indicate that the stram-effect on the undrained shear strength appears

slightly greater for natural specimens than fooretituted specimens.

(4) The correlation of the strain-rate parametgrwith OCR in not evident for natural
specimens. Howevep, may be a better parameter to reflect both thenstede effect and the

OCRIinfluence.

(5) For Merville clay, at the same confining prassuhe value of the shear strength of the
horizontal intact specimen is higher than thathef vertical intact specimen. There are two intact

failure lines for these two directions, respectvel

(6) In the plane g, t), the average values of the strength parametdswit@d by the
regression line) are = 38.2 kPag = 23.8° in compression with?R0.536. In the planes{, 7),
the average values of the strength parametersirfedtay the regression line) ar'e= 43.1 kPag

= 26.7° in compression with’R0.532.

(7) There is a unique critical state line whhy =1.0 in the p’-q plane for the reconstituted
samples of Merville clay from the different boredml The corresponding friction angle is equal to
25.4°, close to the friction angles determined hmy tegression lines obtained from the results on

intact samples. The value Bk is equal 0.90.
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5 Behavior of Merville clay subjected to large numbr of cycles

5.1 Introduction

In Chapter 4, the main mechanical characteristiddeville clay have been obtained from a

series of monotonic tests.

In many cases, however, the soils of foundatiorsalbgected not only to static stresses due to
the weight of the structures, but also to cycliestes due to external forces, such as the adfons
the wind and/or of the waves in the case of offehmr coastal structures. The effects of cyclic
loading on clay behavior have been previously stidnainly with a low number of cycles
(hundreds, thousands or ten thousands cycles). Wowthe behavior of clay subjected to large
number of cyclic loading is an important foundataesign consideration for the foundations of
the structures described above. The wind and/orewastions on the foundation cause the
application of large numbers of cyclic forces andnments which have to be transmitted to and
carried by the soil foundation. The need for thedgton the test results with a great number of

cycles (hundred thousand or even a million cycesgrged.

In this chapter, we present the results of a sefistress-controlled undrained cyclic loading

tests with more than a million cycles were perfadroa Merville clay.

5.2 Test program

The test program involved both repeated load tasts undrained triaxial tests, the latter
being referred to as ‘single loading’ tests whicherev presented in Chapter 4. A
computer-controlled GDS dynamic triaxial testingteyn (10 Hz / 1 kN) shown in Fig.4.1 (b) was
used for performing the cyclic tests. The natural seconstituted specimens were all 35 mm in

diameter and 70 mm in height.

The magnitude of the deviatoric stress was detexthfrom the output of a load cell, located
above the triaxial cell. In the repeated load tethis deviatoric stress was applied in the manner

shown in Fig.5.1. It varied sinusoidally and thega of frequency from 0.1 Hz to 1 Hz was used.
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5.2.1 Cyclic loading shape

In this thesis, we focus on stress-controlled testsich include symmetrical and
non-symmetrical loading tests. As shown in Fig.5shen g, equals 0, the cyclic tests are
subjected by symmetrical loading, on the other haréng;,, does not equal 0, the cyclic tests are
subjected by non-symmetrical loading. Defined imrBz & Hicher (1994), in case of one-way
cyclic loading, the mean valug, should be equal tq.,. However, forg, higher thargy, it is also
called one-way cyclic loading. The cyclic stressapplied in compression or in extension and
hence it varies between maximum and minimum vakleag the same direction. In case of
two-way cyclic loading, on the other hand, the @gplcyclic load alternates in either direction
around a certain mean value, which meansdhas less tham,. When the mean value is 0, it is

termed as symmetrical two-way cyclic loading, otfise unsymmetrical.

Stress

Sinusoidal pulse

Fig. 5.1 Applied cyclic deviatoric stress.
In the following sections, we will present the ésuand interpretation of a series of

symmetrical two-way cyclic loading tests on Mewitlay.

5.2.2 Cyclic stress level

Hicher (1979) indicated that the strain developmeifitreach a stabilized state, when the
cyclic stress levels are below a certain magnitudieh was called as the critical level of repeated

loading CLRL). At a certain effective confining pressure, tlyelic stress level is defined by:
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= Yy Ay
R=— or =—
qmax RE qmin

(5.1)
whereR; andRe are the cyclic stress levelg, is the applied cyclic deviatoric stress at a éerta
effective confining pressurgmay is the maximum deviatoric stress of the static p@ssion tests

at the same effective confining pressure, grgd is the minimum deviatoric stress of the static

extension tests at the same effective confiningqunes.

The results of static triaxial tests on natural gles at the depth of 5 ~6m from the borehole
SC1 were presented in Fig.4.13, Fig.4.14 and FE8.4a). The results of static triaxial tests for
reconstituted samples at the depth of 7 ~8m froenbibrehole SC3 were presented in Fig.4.47.

These static tests were already discussed in Qhépte

In this study, the effective confining pressurdta cyclic test on a natural sample was about
200 kPa. For the reconstituted samples, it wastab@kPa for an OCR = 4. Thus, the values of
Omax @and gmin for the natural samples are 256.2 kPa and -10Rd) kespectively. The values of

Omax @ndqgmin for the reconstituted samples are 192.2 kPa ar@l0kPa, respectively.

For the symmetrical two-way cyclic tests, as margiabove, the mean valgg is equal to
0. Thus the values of stress levBlswere chosen from 0.1 to 1.0 to obtain ®ERL for both

natural and reconstituted samples.
5.2.3 Shear strain based failure criteria

The semantic problem of defining failure in a cydibading test has not been specifically

solved, and the proposed definitions have not leérersally accepted.

If the specimen was broken during the cyclic logdithe failure of the specimen could be
easily defined. However, many specimens do nothéxhi clear localized failure during cyclic
loading. Some authors, such as Seed & Lee (1966%)ecthe condition of zero transient effective

stress (liquefaction) as the stress failure cotefor sandy soils.

However, according to time-dependent creep andssthéstory, the clay behavior under
cyclic loading is more complex and renders diffictd determine the stress failure criterion.

Therefore, the failure criterion has often beenrgef in terms of strain amplitude for clays.
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In this thesis, the failure criteria defined by Amsen et al. (1980, 1988) and Andersen
(2004) were chosen. The failure is defined as e#ineaverage shear strajg, of 15% or a cyclic

shear strainy, of 15% (in triaxial tests the shear strain =<1tle axial strain).

The experiments on repeated loading of Mervilley dlave used the axisymmetric triaxial
test wherein the cell pressure is held constant theddeviatoric stress pulsed. Under these
conditions, the measured vertical deformation iasbf two components as illustrated in Fig.

5.2, the cyclic axial straig,, and the permanent axial straip

Besides the sudden collapse for the natural speciriee sudden change of the strain
amplitude within a few cycles is considered asilark criterion for the clay samples, especially

for the reconstituted samples in this thesis.

Deformation

Time

Fig. 5.2 Variation of deformation during a repeatedoad test (illustrative).

5.3 Cyclic test on natural sample

We prepared one natural specimen at the depth-6hbfrom the borehole SC1. We chose a
small stress leveR, = 0.08 for this cyclic test. The basic parametdrthis test are presented in

Table 5.1. The results of the cyclic test are preskin Fig.5.5.
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Table 5.1 Basic parameters for the natural specimen.

Water content (%)

Weight of specimen (g)
Degree of saturation (%)
Effective confining pressure (kPa)
OCR
Frequency (Hz)

Cyclic deviatoric stresg,, (kPa)
Stress leveR,
Stress leveR,

Drainage type

335

128.8

100

194.0

14.2

0.1

20.0

0.08

0.19

Undrained

40

]
=

Deviator stress [kFPa)
o
Azrial straam (%40)

40 40

)
[
[
]

Deviator stress g (kPa)
o
P
=

Deviator stress (kFa)
o

]
[e) -0.4 -0.2 0 0.z 0.4 0.4 (dj
Azial strain g%

|:| L 1
] a0 100 130 200

Mean effective stress (kPa)

Fig. 5.3 Cyclic test result for the natural specime of Merville clay: (a) cyclic deviatoric stress, f) axial

strain development during cyclic loading, (c) excespore pressure development during cyclic loadingral (d)

effective stress path during cyclic loading.
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When the cyclic loading reached about 20000 cythes specimen failed and the amplitude
of the cyclic loading imposed by the loading pragraould not be maintained anymore. Then,
taking out the specimen from the triaxial cell, eauld observe that the specimen was already
broken. In Fig.5.3 (b) and Fig.5.3 (c), the suddkanges in axial strain and excess pore pressure

at about 18000 cycles were indeed the sign ofgbeisien failure.

As mentioned in Section 2.2.5 of Chapter 2, thevillerclay is a stiff, fissured clay. Before
starting the triaxial testing, some micro-fissuaéready existed in the specimen. During the cyclic
loading, these fissures were activated and develeygthin the specimen, leading to its failure
before reaching 20000 cycles, even if the symnadttiwo-way cyclic loading was applied at a
low stress levelR. = 0.08). We can conclude that the fissured clayeiy sensitive to two-ways
cyclic loading. We can also conclude that the uwag@erdistribution of fissures with the natural
specimens could lead to very different responseleuayclic loading. We, therefore, decided to
extend this study by performing cyclic tests ororestituted samples. In order to remain as close
as possible to the in situ condition, the recomd specimens were prepared in an

overconsolidated state.

5.4 Cyclic test on reconstituted samples

In the laboratory, we prepared the reconstitutegtispens from the Merville clay samples
taken at the depth of 7 ~8 m from the borehole SU$ preparation procedure of the
reconstituted samples was introduced in Sectionl23The preconsolidation pressure of the
reconstituted specimens is 300 kPa. Then the spesiwere firstly isotropically consolidated to

400 kPa, then isotropically unloaded to 100 kPas the value oODCRequaled 4.
5.4.1 Test results

The loading frequency of the cyclic tests was ta&qunal to 1 Hz for practical reasons: we
could therefore apply a large number of cycles énban one million) in a reasonable time. Li
et al. (2011) and Thammathiwat & Chim-oye (2004)i¢ated that, for a given number of cycles,
larger shear strains are generated at lower freyuétowever, the effect of the loading frequency

will not be addressed in this study. For the logdiequency of 1 Hz, the test duration is about
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11.6 days for one million cycles. The parametersttie reconstituted specimens and the cyclic

tests are presented in Table 5.2. The test remdtpresented in Fig 5.4 to Fig.5.8.

Table 5.2 Parameters for reconstituted specimens arayclic tests.

TestN°

Water content (%)

Weight of specimen (g)

Frequency (Hz)

Cyclic deviatoric stress (kPa)

Stress level

Consolidation type

Number of cycles

Drainage type

1 2 3 4 5

37.2 37.4 37.0 37.7 38.5

125.4 124.3 125.4 127.5 424.
1 1 1 1 1
214 41.7 84.7 92.8 101.0

R.=0.11 R.=0.22 R.=0.44 R.=0.48 R, =0.52
R.=0.13 R.=0.24 R.=0.50 R.=0.55 R.=0.59

Isotropic, effective confiningepsure =100 kPQCR= 4.
1026575 1060200 1051480 1050520 9069

Undrained Undrained Undrained Unacin Undrained
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Fig. 5.4 Cyclic test results for the reconstitute@pecimens of Merville clay: (a) Applied cyclic dewtoric
stress with stress leveR. =0.11, (b) axial strain development during cyclitoading, (c) hysteresis loops, (d)

excess pore pressure development during cyclic load and (d) effective stress path during cyclic lading.
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Fig. 5.5 Cyclic test results for the reconstitute@pecimens of Merville clay: (a) Applied cyclic dewtoric

stress with stress leveR; =0.22, (b) axial strain development during cyclitoading, (c) hysteresis loops, (d)

excess pore pressure development during cyclic load and (d) effective stress path during cyclic lading.
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Fig. 5.6 Cyclic test results for the reconstitute@pecimens of Merville clay: (a) Applied cyclic dewtoric
stress with stress leveR; =0.44, (b) axial strain development during cyclitoading, (c) hysteresis loops, (d)

excess pore pressure development during cyclic load and (d) effective stress path during cyclic lading.
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Fig. 5.7 Cyclic test results for the reconstitute@pecimens of Merville clay: (a) Applied cyclic dewtoric

stress with stress leveR; =0.48, (b) axial strain development during cyclitoading, (c) hysteresis loops, (d)

excess pore pressure development during cyclic load and (d) effective stress path during cyclic lading.
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Fig. 5.8 Cyclic test results for the reconstitute@pecimens of Merville clay: (a) Applied cyclic dewtoric
stress with stress leveR. =0.52, (b) axial strain development during cyclitoading, (c) hysteresis loops, (d)

excess pore pressure development during cyclic laad and (d) effective stress path during cyclic lading.

5.4.2 Threshold value determination

Based on the results of these five cyclic tests,ekcess pore pressures started to increase at

the beginning of the cyclic loading, and then dasesl until the end of the loading except in the
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test with R, =0.52. The probable reason for this phenomenohbeildiscussed later on in this

chapter.

At low stress levelsR; =0.11 and 0.22), the cyclic effective stress pdillsnot exceed the
two critical state linesFor the test withR, =0.44, the stress path only exceeded the crisitzae
line in extension. However, the stress paths exadte two critical state lines f&; =0.48 and
0.52. Thus, we examined carefully these two cywits to check whether the specimens were
broken or not before reaching one million cyclese Wummarized the evolutions of the shear
strains and excess pore pressures of these figeinesig.5.9 to Fig.5.10. The testRt= 0.52 was

stopped after 6990 cycles due to the specimernréailu

1.5 T F

Cyclic shear strain (%)
Permanet shear stran (%4)

1o 10° 1ot 10°
(a Mumber of Cydes {b) Mumber of Cydles

Fig. 5.9 Development of (a) cyclic shear strain an) permanent shear strain wtith the number of cytes of

five cyclic tests with symmetrical cyclic loading o reconstituted samples of Merville clay.
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Fig. 5.10 Development of (a) cyclic pore pressurend (b) permanent pore pressure wtith the number of

cycles of five cyclic tests with symmetrical cyclitbading on reconstituted samples of Merville clay.
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Hicher (1979) stated that there is a state of lakibn in cyclic regime. It means that, for a
significant number of cycles, there are no meaderghanges of both the strain (cyclic and
permanent) and the pore pressure (cyclic and pemtarBased on the results shown in Fig.5.9
and Fig.5.10, regular variations of the strain pack pressure were observed at three stress levels
R. of 0.11, 0.22 and 0.44. However, a sudden chahfeedstrain and pore pressure within a few
cycles at the stress leviel of 0.48 was observed. Thus, the specimeR. &0.48 was considered
to have failed during the cyclic loading. We uskd tlata up to 200000 cycles for this cyclic test

atR; =0.48.

Based on these results, we can conclude that iherehreshold value of the stress leRgl
between 0.44 and 0.48. If Rc is higher than thisiejathe specimen would brake during cyclic

loading, ifR. is smaller, the specimen will not fail.
5.4.3 Diagram of cyclic and permanent shear stresse

Based on the results shown in Fig.5.9 and Fig.5thé, shear strains and excess pore

pressures of these five cyclic tests were presentgdble 5.3.
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Table 5.3 Results of cyclic tests on reconstitute@sples at different stress levels.

Test Number of cycles

results  1E+0 1E+1 1E+2 1E+3 1E+4 2E+5 1E+6

Yok Yoy 0.18 0.12 0 -0.15 0.21

(%) +1.14 +1.48 +1.86 +2.44 +3.78
0.52 Aupt

1.4 15.1 21.6 19.4 31.6
Augy
+54.8 +56 +53 +50.5 +46.2

(kPa)

Yot Yoy -0.14 -0.23 -0.35 -0.45 -0.49 0.1

(%) +0.79 +1.04 +1.29 +1.58 +1.99 +2.68
0.48  Au,zt

A 0.9 6.4 11.1 12.5 22 26

(¥}

<~ +20 +21.8 +225 +22.8 +25 +34

(kPa)

Vit Yoy -0.21 -0.25 -0.28 -0.37 -0.51 -0.59 0.09

(%) +0.78 +0.87 +0.94 +1.06 +1.22 +1.41 +1.15
0.44  Augzt

A 0.3 0.2 0.8 2.7 47 2.3 -15.7

(¥}

<~ +10 +10.3 +10.5 +11 +11.2 +15 +16

(kPa)

Vit Yoy -0.01 -0.02 -0.02 -0.03 -0.05 -0.01 0.25

(%) +0.18 +0.21 +0.24 +0.28 +0.32 +0.3 +0.24
022  Auz

A 0.1 0.7 1.9 3 4.8 2 22

(¥}

<~ +2.1 +2.3 +2.4 +2.4 +2.5 +2.5 +2.3

(kPa)

Vit Yoy 0 0 0 0 0 0.17 0.72

(%) +0.10 +0.11 +0.11 +0.11 +0.12 +0.1 +0.14
011  Auz

A 0.8 0.9 1.8 3.3 5.6 155 67.5

U

i +1.7 +1.6 +1.7 +1.7 +1.7 +1.6 +0.75

(kPa)

The number of cycles to failure and the failure matepends on the combination of
permanent and cyclic stresses (Andersen, 1988hisnthesis, except for two cyclic testR (
=0.48 and 0.52), the three other specimens wereaorsidered to be broken. Thus, according to
the results of Drammen clay shown by Andersen (R00%ig.1.27 (a), the numbers of cycles at
the end of the tests and at failure of the specinedrMerville clay were presented in a diagram

including the permanent and cyclic stress levetswshin Fig.5.11 (a).

HAN Jian (2014) -165-



V Behavior of Merville clay subjected to large nuenlof cycles

0.6 0.6
. . Y=t 3%0
05 Vet e =0.21%3.78%8 5990 05 ’ : .
) 0.10£2.68 | 200000 - , N T
0.09+1.15 ¥ 1051480 / Ciswi
0.4 04+ —
E ; 7
=03 =03 ‘L 05 L 1
- g A
= g ; : | 2
0.2 0.25+0.24 ¥ 1060200 02 / ," gam
=] = —
o1 0.72+0.14 | 1026575 ol = o1 Ll
Extension Compressio \
0 = 0 &
-1 -0.5 0 0.5 1w -l -0.5 0 05 1
(a) f w/{f ma o
0.6 0.6
o=t
05 jeyT 3Po — Oﬁ :’Cy’:i340 L
! ! I s - - - :
/ /1.5 : E : {15 Lo
04 7= : ‘ % 04 — i , :

R | R / ; ]
dos T = ol dos ] P VY
= N f___( __‘_"_A_B.l._(,_ﬁ—#‘v—-—" \; i ,‘Iﬁ—j 5_‘r_.u.f— ",‘: ;o

0.2 : ; " : 5 0.2 i ; 'T_.‘F_A___,n._r.l-——___'_l'#———'—f
,‘J ," 0.2 —._7_;_)___4_‘, - E I‘L———— ; L5 oo '
I By ! \ | ; :
L 10l = f Bt -
0.1 = 0.1 ! ! —m
; E— :
0 = 0 *’ j
-1 0.3 0 0.5 1 ) e _
(c) ! e () 1 0.5 qm%m 0.5 1

Fig. 5.11 (a) Number of cycles and shear strains failure or termination on reconstituted samples of
Merville clay with OCR =4, Permanent and cyclic shear strains at a givaumber of cycles: (b) 10000 cycles,
(c) 200000 cycles and (d) 1000000 cycles.
From this diagram, the two points in the x axisrespnt the results of the monotonic triaxial
tests (compression and extension). We can findtleatyclic axial strain increases as the stress

level R; increases, and the number of cycles at failuresdeses as the stress level increases.

In his paper, Andersen (2004) presented the diagrfaiine relationship between permanent
and cyclic stresses at a given number of cyclesh(sis 100 cycles) for Drammen clay (Fig.1.27
(b)). Based on this diagram, if the combinatiortht@ cyclic and permanent deviatoric stresses is
given, we can predict the cyclic and permanentrssieains at this given number of cycles for this
clay. According to this diagram, we presented @st tesults in Fig.5.11 (b) to Fig.5.11 (d) at
three given number of cycles (10000, 200000 andQ00 cycles). The specimen of the cyclic
test atR. =0.52 was broken at 6990 cycles, therefore theltres$ this test is presented only in
Fig.5.11 (b). Similarly, the specimen of the cydbst atR, =0.48 being broken at about 200000

cycles, the results of four tests at 200000 cywslere presented in Fig.5.11 (c), and only the three
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remaining tests at 1000000 cycles in Fig.5.11I(d)hese diagrams, because of the lack of results
of non-symmertical cyclic loading tests, we justdicted some strain lines based on the results of

monotonic tests and symmetrical cyclic loadingsegtMerville clay.

According to Fig.1.27 (c), the cyclic shear straassfunction of number of cycles with, =0

on Merville clay is presented in Fig.5.12.

0.8
ARe=0.52 o048 ¢ 044 < 0.22 x0.11
0.6 __\\_-.\ Failure envelope 7e=+3%
& A
i o +1 1940 -l
Soul 05042 o
20,
o
+0.24%
0.2 T
+0.11%
U] f f f f f f

1E+0  1E+1 1E+2 1E+3 1E+4  1E+5  1E+6  1E+7
Number of cycles

Fig. 5.12 Cyclic shear strain as function of numbeof cycles withq,, =0 in triaxial tests on Merville clay with
OCR=4.
Based on Fig.5.12, when the cyclic shear straiched 3%, the reconstituted sample of
Merville clay could be considered as failed. At @vstress leveld, =0.11 and 0.22), the cyclic

shear strain was almost constant during the cladiding.

The results on Black clay and Bentonite clay vit@R=4 shown by Hicher (1979) and the
results of Drammen clay wit@CR=4 shown by Andersen et al. (1980) were summariped

comparing with the results on Merville clay in Fd.3.

As shown in Fig.5.13, the variation of cyclic ax&fain of Drammen clay is largest at the
same stress level (for exampi®:=0.48 or 0.52), and smallest for Merville clay.eT$ensitivity of
clays to cyclic loading is strongly dependant om thineralogy as shown by Hicher (1979).
Kaolinite type clays with rather small plasticitydexes are more sensitive to cyclic loading, as in
the cases of Black clay and Drammen clay. Recaomstit Merville clay, with high plasticity

index, has a stronger resistance to the strucuaieit®n during cyclic loading.
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Fig. 5.13 The development of cyclic axial strain dumg symmetrical cyclic loading on four different chys

with the sameOCR.

5.4.4 Analysis on the development of pore pressudeiring cyclic loading

In this study, the development of pore pressuresamed at the beginning of cyclic loading,
then as the test time increased, the pore prestanted to decrease continuously to the end of the
cyclic test. The decreasing amplitude of the poresgure was larger than the increasing
amplitude. This phenomenon could be observed irbEdd), Fig.5.5 (d), Fig.5.6 (d) and Fig.5.7
(d). It is hard to explain what happened to the as during the cyclic tests. Firstly, we
considered that the overconsolidated samples weteparfectly saturated with 7 days for
consolidation. Then, another cyclic test had besredvith 20 days for consolidation. The test had
the same parameters as the Ted®:1=0.11), except the consolidation time. The develept of

axial strain and pore pressure of these two teste wresented in Fig.5.14 (a) and Fig.5.14 (b).

At the same cyclic deviatoric stress of the symitaltrcyclic loading tests, the results in
Fig.5.14 (a) shown that the cyclic and permaneral atrain of the test of comparison were both
less than the results of TestR; £0.11). The excess pore pressure of the testrapadson also
decreased to the end of the test shown in Fig®JL4hus, the short time of consolidation cannot
be considered as the reason for producing the ditoimof the excess pore pressure during cyclic

loading.
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Fig. 5.14 (a) Development of axial strains and (lgevelopment of excess pore pressures of Test 1 ahd test
of comparison with the stress leveR. equaling 0.11.
The time for performing the cyclic test with mohah one million cycles is about 11.6 days
for the cyclic loading phase only. During this tim@eep could also happen during the cyclic
loading. During the first few days, the effect bétcyclic loading is more pronounced than the

effect of the creep.

A triaxial test was performed to study the credeaf The reconstituted specimen had the
same initial conditions than the reconstituted arsesi for doing the study on the strain rate effect
shown in Table 4.3. This specimen was firstly igpically consolidated to 700 kPa, then
isotropically unloaded to 50 kPa. Thus, the valu®GRwas 14. A deviatoric stress of about 50
kPa was applied on the specimen in undrained dondiThe time for applying the deviatoric
stress was about 1 min. The developments of aki@ihsand excess pore pressure are shown in

Fig.5.15 (a) and Fig.5.15 (b).
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Fig. 5.15 (a) Development of axial strain and (b)alelopment of excess pore pressures during the cpetest.
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We can see that the creep is not finished. Bothvithges of the axial strain and the excess
pore pressure are still changing. We can noticeeler, that there is a continuous decrease of the
pore pressure. This phenomenon can help understatitit the diminution of the pore pressure

can be affected by the creep during the undraigelicdriaxial test.
5.4.5 Evolution of resilient modulus during cyclidoading

In his paper, Brown et al. (1975) proposed thenitédin of the resilient modulus as shown in

Fig.5.16.

.

; .

Fmax ‘J Ee¢
1

Deviator stress (kPa)

Shear strain (%)

From Brown et al., (1975)

Fig. 5.16 Resilient modulus of one cycle in the djctest (illustrative).

Based on Fig.5.16, the resilient modultggs defined as:
Ed :2qcy / (ymax_ymin) (52)

Thus, the variations of the resilient modulus fue five cyclic tests on reconstituted samples

of Merville clay are presented in Fig.5.17.
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Fig. 5.17 Variations of resilient modulus during cglic loading with different stress levels.

As the shear strain increases, the resilient meddécreases for each stress level. In their
results, Brown et al. (1975) showed that as thebmurof cycles increases, the resilient modulus
decreases. In this study, the cyclic tests weesstcontrolled tests. As shown in Fig.5.18 (a) and
Fig.5.18 (b), the resilient modulus decreased esttimber of cycles increased at stress levels of

0.52 and 0.48.

However, for the specimens not broken at the Iastierss levelsR, = 0.11, 0.22 and 0.44),
as the number of cycles increased, the resiliemutis started to decrease at the beginning of the

loading, then increased to the end of the cycltas shown in Fig.5.18 (c) to Fig.5.18 (e).

In Fig.5.18 (c), the values of the resilient modufar the test at Rc = 0.44 are 10.81, 9.02,
6.91, 6.01, 6.02 and 7.54 MPa for cycles 1, 1000000 200000, 400000 and 1051480,
respectively. The process 1 represents the decfate resilient modulus as the number of
cycles increases from 1 cycle to 200000 cycles. pilueess 2 represents the increase of the

resilient modulus as the number of cycles incre&rses 200000 cycles to the end of the test.
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Fig. 5.18 Variations of resilient modulus accordingo the variable forms of cycles during cyclic loaihg with

the stress leveR, equaling (a) 0.52, (b) 0.48, (c) 0.44, (d) 0.22ca(e) 0.11.
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In Fig.5.18 (d), the values of the resilient modular the test at Rc = 0.22 are 21.78, 17.73,
13.12, 13.41, 13.80 and 17.03 MPa for cycles 1, I@®00, 200000, 400000 and 1060200,
respectively. The process 1 represents the decfate resilient modulus as the number of
cycles increases from 1 cycle to 10000 cycles. prozess 2 represents the increase of the

resilient modulus as the number of cycles incre&ses 10000 cycles to the end of the test.

In Fig.5.18 (e), the values of the resilient modulor the test at Rc = 0.11 are 20.96, 19.91,
18.96, 19.90, 21.20 and 23.85 MPa for cycles 1, 1@®0O0, 200000, 400000 and 1026575
respectively. The process 1 represents the decfae resilient modulus as the number of
cycles increases from 1 cycle to 10000 cycles. prozess 2 represents the increase of the

resilient modulus as the number of cycles incre&ses 10000 cycles to the end of the test.

Thus, the test results showed that the cyclic rstlcreased and the resilient modulus
decreased as the number of cycles increased fatrigs-controlled tests. These phenomena can
be observed in the results of the two tests withsstleveldR. of 0.48 and 0.52. The effect of the
creep will be more effective on the clay behavisrthe test time increases. However, at the
beginning of the cyclic tests with the stress IsWlof 0.11, 0.22 and 0.44, the resilient module

decreased as the number of cycles increasing hamdley increased.

5.4.6 Post-cyclic recompression behavior

As mentioned above, five reconstituted specimens weed to perform the cyclic tests. Two
of them with the stress levels of 0.48 and 0.5@daithe other three specimens with stress levels
of 0.11, 0.22 and 0.44 were not broken at the éleocyclic tests. Then, monotonic compression
triaxial tests were performed on these three spmwémafter the cyclic loading. The aim is to
obtain the post-cyclic behavior. The results of naivted monotonic triaxial tests on reconstituted

specimens of Merville clay with and without preveozyclic loading are presented in Fig.5.19.
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Fig. 5.19 Results of static triaxial tests on recatituted samples with and without cyclic loading: &)

relationship between deviatoric stress and axial &in, (b) relationship between excess pore pressusnd

axial strain and (c) effective stress paths.
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It appears from these figures that the undrainaticsstrength has increased as a result of the
cyclic loading. As mentioned above, the resiliewmiduus decreased at the beginning of the cyclic
test, and then increased to the end of the cyelit That means that the specimen softened at the
beginning, then hardened. Thus, that may be theoreahy the static shear strength of the sample
with previous cyclic loading is higher than the ahstrength of the sample without previous

cyclic loading.

5.5 Conclusions

In this chapter, a series of cyclic tests wereiedrout on the natural and reconstituted

specimens. Based on the results of these testiglibwing conclusions can be drawn:

(1) The Merville clay is a stiff, fissured clay. Buo the effect of the micro-fissures, we
considered that the natural specimens were nattdeitor performing the cyclic tests with a large

number of cycles.

(2) There is a threshold value of the stress IBydletween 0.44 and 0.48. If the stress level
is higher than that value, the specimen woulddailing cyclic loading, otherwise, the specimen

will not develop large cyclic strains.

(3) Based on the results of monotonic tests andvmtmical cyclic loading tests of Merville
clay, we predicted the diagrams giving the straintours as function of the permanent and cyclic
stresses for a given number of cycles (10000, 20@@@ 1000000 cycles. From these diagrams, if
the combination of the permanent and the cycliessts is given, the permanent and the cyclic

strains could be predicted for a given number ofesy,

(4) The resilient modulus decreased as the nunifogycles increased at the stress levels of
0.52 and 0.48. For smaller stress levels, theigasiimodulus started to decrease at the beginning
of the tests, and then increased until the entietdsts. That means that the specimen softened at

the beginning, then hardened.

(5) Summarizing the results on the samples withes® CR of Black clay, Bentonite clay,
Drammen clay and Merville clay, we can observe thatvariation of the cyclic axial strain of

Drammen clay is the largest at the same stres$ lewe the smallest for Merville clay. The clay
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microstructure, depending on the mineralogy ofdbwstituents, plays a role in the clay sensitivity
to cyclic loading.

(6) For tests at very long time, the effect of preea reason for explaining the diminution of
the pore pressure during cyclic loading for ovesmidated reconstituted samples of Merville
clay.

(7) The monotonic shear strength of the samplegesidal to previous cyclic loading is

higher than the shear strength of the sample witpoavious cyclic loading. This result shows

that the sample hardened during cyclic loading.
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6 Conclusions and Perspectives

6.1 Conclusions

This research aimed at finding a framework for ledavior of the Merville clay, a highly
overconsolidated, stiff and structured soil, lodateeneath the depth of 3 m. Natural and

reconstituted samples of this clay from differeepths were tested.

The physical properties of Merville clay, which ast an indicator for the behavior of a soll,
were identified in the laboratory of Ecole CentrdéeNantes. The water content range is 29.0% ~
35.6%, the liquid limit range is 89.4% ~100.6%, itlay size content is about 26% and the
specific gravity range is 2.51 ~2.77. Based orsthieprofile and physical properties, it is possibl
to distinguish two layers in the Merville clay dejio the upper layer from 3 m to 7m where
microfissuration is clearly observable and the ddyeow from 7 m to 11 m which is less affected

by the microfissuration. This is due to the higdecompression of the top layer.

The mechanical response of the natural samples$fasted by the structure of the clay,
because of the microcracking pattern but also kmranf the microstructural fabric. The
microstructure of samples from the same depth bedad after shearing was thus investigated by
SEM. The imaging of the sample before shearing sldow typical detrital clay fabric with a
rough shape of particles aggregated in domainsreasethe presence of non-oriented fabric and
no rough shape for broken clay particles in thé&ufaiplane was observed in the sample after
shearing. The chemical composition of the natudaly csamples was examined by X-ray
diffraction. The presence of illite, quartz and kaite was found, as well as the existence of the

montmorillonite mineral as a secondary element.

Initially, natural samples were prepared for camgyiout standard one-dimensional
compression tests. The maximum vertical pressureutal MPa) was not enough to estimate the
preconsolidation effective stress. Thus, 1D congoestests at a higher pressure level were
performed and the apparent preconsolidation presswas obtained. This apparent
preconsolidation pressure included two parts: theding effect and the real preconsolidation

pressure.
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Then, reconstituted samples were prepared by tissngnethod presented by Burland (1990).
1D compression tests at both low and high presswesg performed again on reconstituted
samples. Based on the test results of reconstisaegples, the intrinsic parameters were obtained.
An empirical equation representing the intrinsianpoession line of the Merville clay was
proposed. The compression curves of the naturaplesnconverged slowly towards the ICL. The
test results of natural and reconstituted samitiies! fwell with the Biarez & Hicher's model. For
tests at a high pressure level, the swelling cupfethe natural samples became parallel to the
SCL at high stresses, thus the values of swellergsisivity became approximately equal to 1.0,

confirming that the destructuration process waspieta.

The existence of fissures affected the shear dtresignatural samples obtained from UU
tests at low confining pressures. Consolidateditliadests on natural samples exhibited different
types of stress-strain curves, depending on theorfigsures pattern within the samples. Thus, a
peak in the deviatoric stress could not be obsefwedome natural specimens during CIUC and
CIUE tests, whereas the axial strain at failure iwanost cases smaller than 4% for the specimens
when a peak deviatoric stress was observed. In sases, the deviatoric stress stabilized at the
residual strength after failurélowever, in most cases, both the deviatoric stamskthe excess
pore pressure did not reach the residual state. sTituetural strength appears to be strongly
affected by the existing microfissures. The fisdusamples have a lower strength than the
non-fissured samples and this aspect is more prar@oliat small confining pressures. Taking into
account the inclination of the failure plane, thedlues of the strength parameters have been
obtained for CIUC and CIUE tests by plotting thetteesults in the planes’( 7). The average

values of these parameters dre 43.1 kPag = 26.7° in triaxial compression.

This test discrepancy prevented us to define thBrMimulomb’s strength parameters for the
natural samples. Based on the test results fromnstituted samples, two critical state lines in

compression and extension were obtaifdd=1.0 andve =0.9, respectively.

Triaxial tests were also performed for analyzing $itrain rate dependency of Merville clay
at highOCRs. The values 0OCRs for the tested natural samples were 7, 14, 285&ndrhe
values ofOCRs for the tested reconstituted samples were 1d71dnFor both reconstituted and

natural samples, higher strain rates resultedghdriundrained shear strengths at diffe@6Rs.
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The values of the strain rate parametggs and g, indicate that the strain-rate effect on the

undrained shear strength is greater in natural Emntpan in reconstituted ones. The relationship

betweerOCRand p, is not clear for the natural samples. Thasnight be a better parameter to

reflect both the strain rate effect and @&Rinfluence.

The effect of the anisotropy for the shear strerngéls analyzed by cutting samples in two
different directions (horizontal and vertical). Tlkbear strength of the sample prepared in a
horizontal direction is greater than that of thengke prepared in a vertical direction. Two distinct
failure envelopes were obtained for the two dimatifor intact Merville clay. This result differs
from the results obtained on London clay for whible same failure envelope was found for

vertical and horizontal samples.

The effects of cyclic loading on Merville clay weaealyzed, based on the results obtained
on five reconstituted samples prepared at the 3G and subjected to symmetrical two-ways
cyclic tests at different stress levels. A thredhadlue of the stress level was found. If the stres
level is smaller than this threshold value, a stHtequilibrium can be reached during cyclic
loading. If the stress level is higher than thieegiold value, the samples will fail for a given

value of the number of cycles.

The numbers of cycles in relation with the permaraed cyclic shear strains were reported
in stability diagrams based on these diagrams&eifcombination of permanent and cyclic stresses
is given, the shear strains could be predictedgaten number of cycles. For a given shear strain,
the resilient modulus was found larger for a gneateess level. For samples reaching failure, the
resilient modulus decreased during the cyclic logdOn the contrary, for the samples submitted
to a stress level smaller than the threshold vaheeresilient modulus decreased at the beginning

of the tests, then increased until the end ofdbke t

Except for one sample which failed at a low numbkcycles (less than f@ycles), the
development of the excess pore pressure increasdldeabeginning of the tests, and then
continuously decreased until the end of testsHerdther four samples. The development of the
excess pore pressure and the evolution of theeneisihodulus during cyclic loading with a large

number of cycles can be due to the effect of crAepthe testing time increasing, the creep effect
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would become greater and brought out the hardeoirthe specimens. As a consequence, the
static shear strength of the specimens subjectedydtic loading was higher than the shear

strength of the sepcimens without previous cydading.

6.2 Future work

This research work has highlighted the experimersi@tic and cyclic behavior of
reconstituted and natural samples of Merville clage clay structure and the microfissuration
pattern affect the strength of the natural sampléss study could be prolonged by additional

testing in order to enrich our knowledge of thedabr of a stiff overconsolidared clay.

Aiming to compare with the natural samples, an stigation of CT imaging for analyzing

the microstructure of the reconstituted samplesreednd after shearing is advised to be done.

One-dimensional compression tests with unloadingedium pressures are suggested to be

done for completing the swelling sensitivity in tlaage from low to high pressures.

The triaxial tests were performed on natural samplepared in two directions (horizontal
and vertical). More directions could be investigat®® obtain a better view of the initial

mechanical anisotropy of this clay.

In the diagrams of the relationship between permiaaed cyclic stresses at some given
number of cycles, only the results of symmetrigad-tvays cyclic loading tests were presented.

The results of non-symmetrical cyclic loading tests required to complete these diagrams.

Further research testing of the creep effect orurabtMerville clay as well as on
overconsolidated reconstituted samples should bésaindertaken in order to obtain a better
understanding of the time-dependant behavior. Téepctest results could then be compared with

the cyclic test results.

This comprehensive series of experimental testimguo example of stiff overconsolidated
clay constitutes a set of data which can now bd tseonstruct and validate a constitutive model
adapted to this particular type of materials. Oatadcould be complemented by other published

data on Flanders clay and on London clay in ordeniarge the scope and in particular take into
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account the influence of the geological history @aning samples coming from very different

depths (from 3m in our study to more than 40 nhand¢ase of London clay).
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