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RESUME

Les glissements de terrain dans les argiles sensibles posent des défis significatifs dans des régions comme le
Québec et I'Ontario au Canadajyaison de leurs styles de déformation uniques et de la diminution dramatique

de la résistance au cisaillement. Cette theése doctorale commence par une revue exhaustive de la littérature
portant sur | e comportement gideadss glssemeants deserranalansde typee s, |
de sol, et les hypothéses concernant les mécanismes de glissement observés lors d'incidents passés. Cette these
examine également les outils existants pour I'analyse des ruptures rétrogressives et évahtades atdes

limites de chaque approche. La revue de la littérature scientifique indique que les méthodes traditionnelles ne
parviennent pas a déterminer la courbe « contraiéfermation » aprés le pic de rupture pour des niveaux

élevés de déformatiorr{00%), en raison des complexités associées aux niveaux élevés de déformation. De
plus, une évaluation critique des modéles constitutifs existants et des outils numériques révéle des lacunes
significatives dans les approches conventionnelles, notammermdapacité a intégrer précisément la nature
progressive et rétrogressive des glissements de terrain et les grandes déformations associées. Pour pallier ces
l'imitations, cette th se doctorale introdifigugin une no
situ aprés le pic de rupture des argiles sensibles, en examinant les caractéristiques de déformations élevées
trouvées dans la littérature existante. De plus, une nouvelle équation exprimant la réduction de la résistance au
cisaillement est praysée pour représenter précisément le comportement « conttéfotenation » apres le pic

de rupture des argiles sensibles. Cette m®t hodol ogi e
le pic de rupture de sept glissements de terrain ritsies au Québec. Les résultats montrent que le
comportement « contraintéformation » est bien reproduit, ce qui conduit a des glissements de terrain majeurs.
Pour faciliter | '"'"analyse des gl i ssemeealAngra3dBacadser r ai n,
de sa flexibilité pour produire des modéles de sol contrblés par l'utilisateur, au sein d'un cadre robuste de la
MPM (Material Point Method). La MPM simule les grandes déformations en utilisant une combinaison des
approches eulérienret lagrangienne. En utilisant la nouvelle équation produite dans le cadre de ce doctorat
pour la réduction de la résistance au cisaillement dans un modeéle constitutif basé s@olMohb, nos

travaux de recherche permettent de valider a travers de lmsil§pnulations de cisaillement simple direct

(DSS). Suit ensuite la calibration du modéle constitutif avec des facteurs d'échelle, de maniére a réaliser une
implémentation dans une analyse réelle de glissement de terrain. Le modéle calibré est utifisédieu

l'initiation et la propagation de bandes de cisaillement conduisant a de grandes ruptures rétrogressives dans des
pentes d'argile trés sensibles. Trois études de cas notables démontrent que I'outil numérique prédit avec succes
la rétrogression a4 dispersion aprées les ruptures des glissements de terrain, en accord avec les observations de
terrain et les mécanismes de glissement hypothétisés. Le projet doctoral explore également des techniques
d'optimisation pour l'analyse numérique de ruptuteogéessive afin d'atteindre des résultats plus réalistes.

Enfin, en prédisant avec succes le mouvement aprés rupture de l'un des glissements de terrain rétrogressifs les
plus grands et les plus complexes du dernier siécle, la rupture rétrogressive daxLamil993, I'étude

démontre l'efficacité de l'approche d'optimisation. La méthode de prédiction de rupture rétrogressive
développée dans le cadre de cette these doctorale offre des indications fondamentales sur les mécanismes sous
jacents et les facteungrincipaux entrainant des ruptures rétrogressives dans les argiles sensibles. Cette
compréhension approfondie améliore la cartographie des risques géotechniques en permettant des prédictions
plus précises des zones potentielles de glissement de terrdén Iétendue potentielle des mouvements
probables. De plus, cette connaissance améliore significativement l'analyse des risques, facilitant le
développement de stratégies d'atténuation ciblées et de plans d'urgence

Mots clés: Argile sensible,Glissement de terrain rétrogressif, adoucissement de la contrainte, Grande
déformation, Méthode du point de matériau



ABSTRACT

Landslides involving sensitive clays pose significant challenges in regions like Quebec and Ontario in
Canada due to their unique deformation behaviors and dramatic reductions in shear strength. The study begins
with an extensive literature review of thehavior of sensitive clays, the factors that trigger landslides in such
soils, and the hypotheses regarding landslide mechanisms observed in past incidents. It also reviews existing
tools for retrogressive failure analysis and evaluatesathvantages anlimitations of each approachrhe
review indicates that traditional methods often fail to accurately determine thpgadsstresstrain curve for
large strains (>100%) due to the complexities at higher strain levels. Furthermore, a critical evaluation of
existing constitutive mode and numerical tools reveals significant gaps in conventional approaches,
particularly their failure to accurately incorporate the progressive and retrogressive nature of landslides and the
associated large deformation& adiress these limitations, this study introduces a novel methodology for
assessing the sitpecific posipeak behavior of sensitive clays by examining their large deformation
characteristics found in existing literature. This research develops a newssfitaiming law to precisely
represent the pogteak stresstrain behavior of sensitive clays. This methodology is then implemented to
analyze the pogteak behavior of seven phastoric landslide locations. The energy calculations from these
curves demorigate that the stressgtrain behavior is well captured, leading to massive landslidetacilitate
landslide analysis, this study utilizes the Anura3D software for its flexibility in working withdefered soil
models within a robust Material Point Method (MPM) framework that handles large deformations using a
combination of both Eulesin and Lagrangian approaches. Employing the ss@fitening law in aMohr-
Coulombbased straisoftening constitutive model, the research then validates the constitutive soil model
through multiple Direct Simple Shear (DSS) simulatibp®ffectively capiring thetargeted pospeak stress
strain behaviar The researctsubsequentlycalibrates the constitutive model with scale factors for its
implementation in reascale landslide analysis. The calibrated model is then used to predict the initiation and
propagation of shear bands leading to large retrogressive failures in highitiveedsay slopes. Three
prominent case studies demonstrate that the numerical tool successfully predicts-thdup@setrogression
and runout of the landslides, closelygaling with field observations and hypothesized landslide mechanisms.
The study also explores optimization techniques for the numerical analysis of retrogressive failure within this
framework toincrease accuracy and flexibilitiFinally, by successfully predicting the pdatlure movement
of one of the largest and most complex retrogressive flowslides of the last camaur993 Lamieux landslide,
the study demonstrates the effectiveness of the optimization appfdaehetrogressive failurprediction
methoddeveloped by this researdifers invaluable insights into the underlying mechanisms and primary
factors driving retrogressive failures in sensitive cldyss deeper understanding enhances hazard mapping by
enabling more accurate predictions of potential landslide zones and the extent of likely movements.
Furthermore, this knowledge significantly improves risk analysis, facilitating the development aédarge
mitigation strategies and emergency response plans.

Keywords:Sensitive clay, Retrogressive landslide, strain softening, Large deformation, Material point method



TABLE OF CONTENTS

RESUME ..ottt eteetee et eeeae ettt et ettt eteae s ete et e e te e e te et e et et emeae et esaeaesteete st eaeete et emnsateetennanestenaennns i,
F Y Y I Y\ O [T TSP iii
TABLE OF CONTENT Sttt ettt eene e ettt ee bbb e e s e e e e e e e aaaeseeeeeaaaeeeeeetnbnanann s amnn iv
LIST OF TABLES . ... ittt e et ettt e e ee e et et e et ba bt oo e e e e e aaaaa s e e e eeaeeeeeeeenbbsbnan s amtsnnnnns vii
LIST OF FIGURES. ...ttt e e e e e et e et atneneaeeeeeeebabbana e e e e e e eaaanans] Viii
LIST OF SYMBOLS ... ittt e e ettt ettt ee e e e e e e et ittt bebb s e s s eeansaa e e e e eeeaeeeeeseesnssnnmneeeeees X
LIST OF ABBREVIATIONS. ...ttt eee et e e e e e e e e e e e e e r e e e e e Xi
] 1 (@ N [ PSR PPPPRI Xii
ACKNOWLEDGMENTS . ..ottt e e eeee e s s s e e e e et et et e ae e e e b smr e b s e e e e e aeeaeeenes Xiii
L0 1 el I PO PPPPTTR 1
INTRODUGCTION ittt e ettt s seeet s e e e e e e et e et eeees b s mmmr e e e s s bnbae e e e e e e eaeeeennneaeeeees 1
IR R 1= Tt = TP PP RRPRRPPPPPRRTN 1
1.2 Problem SAIEMENL........oi it eeer et reer e e e e st e e e e s s e enr e e e e s n e e e e s n e 3
1.3 RESEAICH ODJECHIVES ....ceiiiiiitiiii ettt et e e s e e et e e e e s bbb e e e e e e eaee 5
IR =1 1 g oo (o] (oo | AP PP PT PP PP SPR PP 5
1.4.1 Development of a complete ppstak curve up to remolding...........ccveeveiiiiieeniiiiieee e, 6
1.4.2 Integration of the pogieak behavior in a numerical framework...........ccccvvviiiieecenniiieenen, 6
1.4.3 Calibration and ValidatiQn.............c.ueeeiiiiieeiiiieee et 7
1.4.4 Optimization Of the MOAEL.........coooiiiiiiii e 7
RSN @ 4T 110 =1 1 Y2 TP PRPP 8
1.6 THESIS OULINE ...ttt ettt eee e e e s e bbbt e e e e s abb e e e e aeaneeeeean 9
CHAPTER 2.ttt e e e et e ettt e et b et meme e e e e e e bbb e e s e e e e e aetaaanaeaeeeeeeeennnne 11
Article 1: Failure Mechanism, Existing Constitutive Models and Numerical Modeling of Landslides in
SENSILIVE ClaY: A REVIEW......ccciiiiieeeiiii et e s e e e e e et ettt eeee e e e e et e e a e e e e e e e e aaaasaeaaaaaaeeeereesernnnnnans 11
P o111 - (o SRR PPPPP 12
2.2 INTTOTUCTION. ...ceeeet ittt ettt e rea et e e e s e e et e e e e e e easn et e e e e e r et e e e e e e e ennrnes 12
2.3 BEhaVior Of SENSILIVE CIAYS ...ttt iee ettt ettt e et e e e e e e e e e e e s saareeeeaaaaaaaaeas 15
2.4 Landslide types and failure mechaniSms...........ooo i 20
241 FIOW SHOES.......eeeeeeee ettt ettt e st eeamme e s st e e s s e eanne s 21
S o] == o PP PURRU PP 23
2.5 Numerical analysis of sensitive clay [andslides...........ccooouiiieeciii e, 27
2.5.1 Constitutive soil models for the study of sensitive Clays.......ccccoooviiiieecciiiniiee e 27
2.5.2 Numerical frameworks for modeling landslides in sensitive Clays............ccoecveeveeceeininneen. 38

2.6 Contribution of numerical analysis to understand the control parameters of sensitive clay lanti3lides



2.6.1 Effect of the geometry of the slope on the occurrence andaiast behavior........................ 44

2.6.2 Effect of material properties on the occurrence andfaibste behavior...................ccccvveeee. 45
2.6.3 Effect of field conditions on the occurrence and-faikire behavior.............cccccvvvvvvvieenenn 47
2.7 FINAI QISCUSSION. ......uitieeite ettt ettt ee et e e e e e et e e e e aas b eaeeb et e e e e e nbb et e e e e ennbeenanees 47
2R S o] o Tod [V -1 o F OO PP PP PP P PUPPPRRRPPPPPPN 49
CH A P T ER 3.ttt e oo e oo e e e e ettt et be b momeeee e bt bbb e e e e e e e e aeeananeeeeeaaeeeeeeeren 53
Article 2: Prediction of post-peak stressstrain behavior for sensitive clays..........ccccoociiieiiiiicennnnnne. 53
R J01 N o {1 > T SO PURUTTN 54
10 70728 191 o To 11 Tod 1T o TR OO 54
3.2.1 General DackgrOUN..........ocueiiiiiiieie et e e 54
3.2.2 Relevant works on large deformation behavior of sensitive.clays...........ccccoovvveeciiiiiennnnnn. 56
B T2 T ] 11T |V o 11 111 = 59
3.3 Development of shear stregtgain curve from remolding indestrain energy curve............ccc....... 60
3.4 Development of straisoftening equation for sensitive Clay............c.oouvvvviiiccseiiiiiciiie e 63
3.4.1 Applicability of eXiSting €qUALIQN..........ccciiiiiiiiii e e 63
3.4.2 Development of a new stresnftening equation..............ccoovviviiiiieemreiceeie e ereen s 65
3.4.3 Methodology for the prediction of pgetak stresstrain behavior of sensitive clays using the
established straiBOftENING CHLEION. ......c.coi e ee e e 72
3.4.4 Analytical framework for the estimation of remolding energy based on thpgaisstresstrain
Lo Y PP PP PPPOPPPPPPRPPPRY 42
RSl Y o] ol Tor= 1 i [ g M (o T = T= I or= 1< = 78
3.5.1 Prediction of the StreSHaAIN CUINVE...........coiiiiiiiie e ee e 18

3.5.2 Prediction of the movement of remolded clay from the estimated remolding energies using the

SIFESSSIIAIN CUIVES ... ittt bttt e e bbbttt ettt e e eas s seabb bt b bt e e e ettt et e e e eams b be e se e e e e e eeeaaaeaeeeessnnn 83
3.6 CONCIUSIONS ...ttt et e e e bbb bbbt e b e e e e e e aaansnnrnne 87
(O AN e N P 38
Article 3: Prediction of retrogressive landslide in the sensitive clays: Incorporating a novel Strain
Softening Constitutive Model into the Material Point Method...............coeiiiiiiiiccceiii e 88
A 1] 1 - o OOt 89
7 1 11 To L1 o3 1 o] o TR 89
4.3 Basis Of MPM fraMEWOIK..........uuiiiiiiiiiieiiiceeeieiiieieeie et e e e e e e e s rreeee e e e e e ae e e e e e e s e e s s s s ssmmnraeaaeeaeeeeaanan 94
4.4 Strainsoftening model calibration: simulation of direct shear tests..........cccocvvviiieeccciiniiiennnn, 95
4.5 Description of the numMerical MOAEIS. ........oouiiiiiii e 97
4.6 RESUIt aNA QISCUSSION......ciciiiieiitieiieeieees s st eee e e e e e s ssansesaseeseeeeeeerreeeeeaeeeannseseenneeereeeaeeeees 105

4.6.1 Failure mechanism observed in the simulation compared to the literature and field obs&f&tion
4.6.2 Comparison of the simulation results with other numerical simulations of the same landsli¢le

A O 0] (1 [ £ o o T 118



L0 o Yl I YT 120

Article 4: Balancing Advanced Numerical Techniques and Engineering Judgment in Predicting

Retrogressive Landslides in Sensitive Clays for Increased Reliability..........cccccceeeeiiiiieccnnenn, 120
LI Y o1 [ T S PO PP 121
L0 o110 To 18Tt i o] o PP PO PUPRP PP 121
5.3 Numerical Framework and Constitutive Soil Madel.............cccoovimimi e, 125

5.3.1 BASICS OF IMPM.....eiiiiiiiiiii ettt ettt ettt s et e e e s s me et e e e e s e nbnreeeeenn 125
5.3.2 Constitutive SOIl MOTEL........ooiiiii e e 126
5.4 Optimization of the controlling facCtorS............ccooiiiiiiiieee e 128
5.4.1 Regularization of the Effect of Element Size............ccoooiiiimemiiiiie e 128
5.4.2 Number of material points per element...........c...oeeiiiiieeniiii e 135
5.5 Geometrical representation of the SIOPE........c.uvviii i 139
5.6 Selection of the triggering of failure in the numerical madel..........cccccovviiiecviiiiiii 141
5.7 The 1993 Lemieux LandSlide. .........ccuvreiiiiiiieie e 144
5.7.1 General description of the landslide (As per Evan And BrooKS...........ccceeiivveeciiciieneeeeenn, 145
5.8 Description of the numerical MOdEL.............ooorrriiii e s 146
5.8.1 Geometry and soil properties used in the numerical madel............ccccovvimeeeiirieiennn, 146
5.8.2 Initial stress and the onset Of fAIlLIE.............vvviii i 151
5.9 NUMETICAI FESUILS .....ceiieiiiiiiiiie e iee et e e e e e e s s e e e e e e e e s s e e e e e e nanes 152
5.9.1 Landslide MECNANISIM........cciiiiiiiiiiii et e e srme e ens 152
5.9.2 Comparison with Field ODSErvations. ...........occuiiiiiiiccn e 154
LT 0 o o Tod (U1 o o FO PO PPPP SRR 155

CHAPTER B ettt et e e e e e e e e e e ettt e ettt mmmeeeeetebe e e e e e e eeeaeeaaaaeeeeeeaeeaeenes 157
S o] o Tod (U= o T o DTSR PPPRPPPPPP 157
A S L= Toto] 14 =T o Lo F- L1 To | o TSP PP PPUPPPPPTUR 158

RETEIENCES. ...ttt e e e ookt e e ea bt e e e e e s bbb et e e e e e st e e eabbe e e e e e e annbnes 159

L] o] [ToF=1 (o] o - TP PRSP PTPUPPRPR 171

Appendix: Confererence PUbICALIQNS ........oiuuiiiiieiiee e e ee e 173

Vi



Table 21:
Table 31.
Table 32.
Table 33.
Table 34.
Table 35.
Table 36.
Table 37.
Table 41.
Table 42.
Table 43.
Table 44.
Table 45 .
Table 46.
Table 51:
Table 52.
Table 53.

LIST OF TABLES

Summary of recent studies for numerical modeling of sensitive clay landslides................ 50
Soil properties of each location of Tavenas et al.'s [44] WQLK...........cccvvvevvieeeicciinniiiinennn, 58
Parameters for prediction of stresgain behavior of sensitive clays.............ccccoovviviiennel 70
Geotechnical properties for the sensitive clays of different landslide locations.................. 79
Additional parameters required for the prediction of the complete-stra#s curves............... 80
Determination of remolding energies for the predictioretbgressive failure occurrence......82
Determination ob for previously occurred landslide locations............ccccccvvvivieeen e iccccnnnnnd 85
Comparison of retrogression distances measured from Eque2@with other empirical methods.
............................................................................................................................................ 86
Input parameters for the numerical simulation of DSS teStS.........cccccvviiiieeen e, 96
Input parameters for the numerical simulation ofS8amteMonique landslide........................ a8
Input parameters for the numerical simulation of the Shide landslide.................cccc......... 100
Input parameters for the numerical simulation ofSaatLuc-de-Vincennes landslide.......... 101
Calibration of for 0.5m Element Size (ES)-........uuuiiiiiiiiieeceeeii e v 102
Material parameters for the initial stress condition by gravity loading.................cccceeeueee. 104
Input parameters for the SIMUIAtioNS...........oooiiiiii e 130
Input parameters for the direct shear test simulation..............ccccooivenniii e, 149
Input parameters for the numerical simulation of the landslide..............cccoovieeeiiiiiiiinnnenn, 151



LIST OF FIGURES

Figure 1. Flow chart of the methodology adopted for the Study.............coeeeiiiiemiiiiiii e 6

Figure 21. Drained behavior of an overconsolidated clay under shear loading (after.[38])............... 16

Figure 22. lllustration of the straisoftening mechanism (a) Development of excess pore water pressure
resulting inreduced shear strength; and (b) Effective stress path and total stress path following a unique failure
line indicating no reduction in effective cohesion and friction angle (EfB3).......cccccceeeeeeeiiiiiiiiiicceeeenn. 16

Figure 23. (a) Analytically interpretedtmessstrain curves based on the data of the remolding index vs.
normalized strain energy curves by Tavenas et al. [44] (after ([@bBxperimental DSS test results showing
strainsoftening behavior of sensitive clays for different locations in Canada; the legends show the depth of the

sample along with the location name (aftiet, 15, 17, 18, 46]......ccccuvriiiiiiiieeiirceecieineeee e e e e e 18
Figure 24. Change in undrained shear strength ratio with strain rate (after.[52])...........c.cccccovceernnnnnn. 19
Figure 25 (a€). Flow slide mechanism (after the description of [Z4]).........coccoiiiiiiiicceiniieeee, 23
Figure 26 (af). Spread mechanism (after [78]).......ccuouiuiiiiiiiiie e 24
Figure 27 (ad). Mechanism of spread (after [7Q]).......ccoouiiiiiiiiiie e 26
Figure 28. Spread mechanism (after [70]).......ccoouiiiiiiiiiiie e e 26
Figure 29. Spread mechanism (AffBB])..........c.uuuriuiiiiiii e cceeiiie e e e e e aeeee s 26
Figure 210. SaintLigouri landslide (@fter [S8])... .. ciieiiiieiiiie e err e 27
Figure 211. (a) Stresstrain behavior in a cohesion softening mdéel, 83] (b)comparison between model
[84, 85] andSaintBarnab@NOId CIaY...........cccuuiiiiiiiiiiieieeesce e s seeere e e e e e e eeeeeeaeeeesennnreeeeeees 29
Figure 212. Stressstrain behavior of Sensitive CIEF2]..........uueiiiiiiiiiiieee e 30
Figure 213. Comparison between the exponential stsaiftening law with different wto the stresstrain
behavior from DSS test froRaintBarnab@NOrd Clay...........ccuueeieiiiiiiiiieenee e 31
Figure 214. (a) Shear streslisplacement relationship [16], (b) Comparison of assumed stodiening with

the [ADOratOry tESE FESULL.........eeiii et e st e e e s s anneneeeean 33
Figure 215. Stressstrain behavior with exponential strasoftening [57].......ccccceevveviiiiiiiiiieeee e, 34
Figure 216. Comparison of stresdrain behavior of DSS test result with the numerical model of Tran and
Y0 1TV 1= (T2 36
Figure 217. Comparison between DSS test results vs. sgasmbehaviorof Jin et al. [97] with differeng
VAIUBS ettt oottt ettt e et e e e e e e e e e oo e e e e aeteeeeeee e e e e e e e e e aaabh e e ne e e aa e aaabbabbeeae e 36
Figure 218. Bingham Plastic MOGEL..........ouiiiiiiieee e 37
Figure 219. Comparison between DSS test results vs. sggagmbehaviorof Zhang et al[81]................. 38
Figure 220. The deformed FEM mesh for different RF values with UL (§R&))............ccccoovvviiiiiriaenn. 39
Figure 221. Steps for the PFEM modeling of a l[andslide.............ccvuiiiiiicciiii e 41
Figure 222(ad). MPM Computational CyCle [LT1h].....ccuiiiiiiiiiieiiieeeiiiee et eeee e 43
Figure 223. Different types of slope INCIINALIONL...........ooouiiiiiiic e 44
Figure 31. Relationship between normalized energy and remolding index for Champlain clay samples
(replotted from Tavenas €t @l. [A4])......coooeiiiiiiiie i memr et e s e e e e e e e e aaeeeaeaaaaaaaees 58
Figure 32. Stressstrain curves interpreted by Quinn et al. [45] from the remolding index vs. normalized strain
energycurves Of TAVENAS €t Al. [44])- ..ot e e bbbt e e e e e e eaabb et e e eeeees 59
Figure 33. Stressstrain curve of a SENSItIVE CLAY..........ccoiiiiiiiiiiere e 61
Figure34.Stresst r ain curves produced..f.r.om..Tav.enas..@gL al
Figure 35. Comparison of the strestrain curves interpreted by this study with Quinn et al. [45]........ 63

Figure 36. Comparison of the strestrain curves produced from Tavenasles [44] experimental data with
Einav and Randolph's [23] strain softening equation for four sensitive clays from different. sites.......64

Figure 37. Development of a sigpecific strain softening equation...............oo i 65
Figure 38.00 0 02 O @BD 2s.r curves, along with their exponential trend cetoded by location.. 66
Figure 39. (a) Effect ofJon the stresstrain curve; (b) effect df on the stresstrain curve..................... 67

Figure 310.00 O 02 O @BD 2sr curve for SAIMLEON 9.3M........ccceiiiiiieririieeeieee et 67



Figure 311. Correlation betwee® O@NdO O.2..........c.c.covveviiiiceeeeecetee et 68

Figure 312. Correlation betwee® O@NAr Q2 ...........c.coeveviiieieiieeeieeieeee et eaet e 69

Figure 313. Comparison of the SST curves with the stetssin curves predicted with the new strain softening

equation (Equation-30) for different SIteS...........oii i 71

Figure 314 (ad). Comparison of the SST curves, prediction by new equation, and updated prediction when the
site-specific parameters are obtained from a partial SBE&E CUINVe.-..........ccooeeiiiiiiiiiiicceeeee e 72

Figure315. Estimation of U-saandune...f.r.om..t.he..parti7l stres
Figure 316. Prediction of podailure stressstrain behavior of sensitive clays.........cccccccevvvvivvccecivnnnnnn 73

Figure 317. Relationship between run out of deb#i$ &nd destruction indey (B(after [136])................. 75

Figure 318. Stressstrain behavior of sensitive clays compared with the assumption of Thakur et al. 7828].
Figure 319. (a) Determination of remolding energy with linear approximation from a partial softening curve
(after [128] ) (b) Comparison between the remolding energy estimation by linear approximation vs. aetual non

linear StresSStrain DENAVION...... ... o et ee bbbt eeeeeeeas 76

Figure 320 (ab). Determination of area under the ppstk curve by integration.............c.ccccoovvvieennnne. 78

Figure 321. Partial stresstrain curve from DSS test results for different sensitive clay landslide locafi®ns.

Figure 322 (ag). Estimationofand b for different se.ns.i.t.iv.e.8¢tl ay | an
Figure 323. (a) Comparison between the predicted sts&sin curves and curves from DSS results. (b) Stress

strain curves plotted on a setogarithmic scale to illustrate the entire ppsak behavior....................... 82

Figure 324. Comparison between the remolding energy estimation by Leroueil et al. [135] with this&3udy
Figure 325. Determination of the dependencydobn the clay unit weighti () and the liquidity index)( ), 85

Figure 41. Strainsoftening behavior of sensitive clays (AftEBL]) .......cccoovrrrierieiiiiiieeniiieee e 92
Figure 42. Spatial formulation of MPM framework (after [133]).......cuuvieiiiiiiiiiiiircie i 94
Figure 43. (a) Loading conditions; configuration of material points (b) initial and (c) final................. 96
Figure 44 (ac). Stressstrain behavior is depicted in the numerical model, softening equation, and DSS
laboratory tests for Sairfdonique, SainrtJude, and Saifltuc sites, respectively............cccccveeevriiiieeennee. 97
Figure 45. Thegeometry of the slope used in the numerical model (a) Skiateque, (b) Sairtlude, (c)
SAINELUC-OEVINCENNES. ....oiiiiiiieiiie ettt eeer e e s e e e e e e e e eaer et e e e e e ansrre e e e e e e nanreean 99
Figure 46. Depthwise variation of undrained shear strength ; (a) Sa#daique, (b) Sainrtlude, (c) Saint
UGB VINCENNES.......eeeeieeiit ettt ettt s s me ettt e e e ettt e e s s ame e s et e e e e e s rne e e e s s ammee s e nannes 99
Figure 47 (ac). Calibration of for 0.5m Element Size (ES)........ccccuviieiiiiiiiieeeiiie e 103
Figure 48. Total vertical stress of the slope; (a) SaMinique, (b) Saintlude, (c) SairLuc-de-Vincennes
......................................................................................................................................................... 103
Figure 49. The failure mechanism of simulated retrogressive SMatgique landslide......................... 107
Figure 410. Comparison of the pefilure geometry of the simulated model and field observation by Locat et
al. [17] of SainteMonique [andSIIAE...........uuu i e e e e e e e e eene e e eeaaare 108
Figure 411. The failure mechanism of simulated retrogressive Saitk landslide.................ccccceen...... 110
Figure 412. Comparison of the pe#ilure geometry of the simulated model and field observation of -Saint
Jude landslide of Locat et @l. [18]......uuuuuiiiiii i iiieeei e e e ——— e 111
Figure 413. Comparison of the position of the crust layerrthmerical simulation of this study with Locat et
al . 6 s -failure field pbsesvations of Saudtude landslide..............evvvveiiiiiiiiccciii e 111
Figure 414. The failure mechanism of simulated retrogressive Saiotde-Vincennes landslide.......... 113
Figure 415. Comparison of the pefdilure geometry of the simulated model and field observation of -Saint
Luc-de-Vincennes landslide of Tremblauger et al. [161]..........eevevieiiiiiiiiiiiicee e 114

Figure 416. Comparison of the pefilure geometry of the simulated model of this study and other numerical
simulations of the Saint®lonique landslide; (a) This study; (b) Tran and Solwoski [9]; (c) Shan et al. [94]

Figure 417. Comparison of the pefdilure geometry of the simulated model of this study and other numerical
simulations of the Saintude landslide (a) This study; Bhen et al. [166](c) Zhang et al. [81](d) Wang et



Figure 51. Spatial formulation of MPM framework (after [133])......ccuurrmmrmmiriiiiiiiccriiireieeeeeeeeeeeeeeeenn 126

Figure 52. Strainsoftening behavior of the model (aff@B1]).......covvvveeeeeeiiiiiiiiii e 127

Figure 53. Numerical simulation of DSS tests (a) Loading conditions; initial and final configuration of material
points for (b) 0.5m and (C) IMESh...........ooii e reeer e e e e e e e aee e 129

Figure 54. Calibration of the constitutive moduli for different element sizes with the smeared crack approach
......................................................................................................................................................... 130

Figure 55: The geometry of the slope used in the numericadiel of the SaintdMonique Slope (after [17])
......................................................................................................................................................... 131

Figure 56 (af): Simulation of the Saintdonique landslide with different element sizes.................... 134

Figure 57: Progression of the landslide with time for different mesh sizes, a) Retrogression, b). Rulb@®it
Figure 58: Realcomputational time vSs. eleMEeNt SIZE........ccvvviiiiiiiii i, 135

Figure 59 : Postfailure behavior with IMP per €l€mMenL.........ccccuvviiiiiiiieeeiieiiiniireee e e e e eeseeeerneneeeeens 136

Figure 510: Comparison of the Pefilure behavior with 3, 6 and 12MPs per element...................... 138

Figure 511: Progression of the landslide with time for different MPs per element, a) Retrogression, b) Runout.
......................................................................................................................................................... 138

Figure 512: Real computational time vs. number of MPS@lement............ccceeviiiiiiiiieesiiicie e, 139

Figure 513: Geometrical representation of the SaiiEnique slope with two different crosections....140
Figure 514: Posffailure retrogression and reout of the SainteMonique slope with two different cross

L= o3 10 0 SRR 140
Figure 515: Failure initiation by activating undrained StrEEORENING..........ccovviiieeieiiiiieeeee e, 142

Figure 516: Failure initiation DY eXCaVAtION..........ciiii e eieeee e eereee e e e e e e e e e ee e eeenane 143

Figure 517: Additional excavation to facilitate failure initiation by undrained strain softening.......... 144

Figure 518. (a) Landslide location and (b) Cresesction AA (after [66]).........cceeeevvviirvviiiieemeeeeeein, 146

Figure 519. Slope geometry (after [66]).........cceeiiiiiiiiiiiiemre e e e e e s erree e e e e e e e e e e e eeeneas 147

Figure 520. Determination OJandB.................ccoviuiiiieeerereeeeeee et teae ettt seeeenesesene, 147

Figure 521. Determination Of 2 ..........cooiiiiiiiiiiis s s s e e e e e e e e e e e e s e eme e e e e aesr et s e e e eeaesaneeaeaeeaaereeenes 148

Figure 522. Simulation of DSS test. (a) Loading conditions; configuration of material points (b) initial and (c)
final; (d) StresSSStrain DENAVIAL. .......oo.eiiiiie e 149

Figure 52 3 . Calibration of b fcackapprbaelme.n.t....s.i..z.es...a5 per
Figure 524. Initial stresses after gravity 10ading..............ouuuiiiiiceeiiiiii e 151

Figure 525. Failure initiation by replicating to€ €roSiON...........ccoovvviiiiiieemriieee e ereer e 152

Figure 526. Failure mechanism and pdatlure KInematiCs................uvveiiiiiiiccciiiiiie e 153

Figure 527. Comparison with field observations of Evans and Brooks.[66]..............ccceeveeeeieneeeenen. 154

Figure 528. Prismatic bloCKS NEar the CreSL.........cciiiiiiiiii e 154

Figure 529. The intact upper layer after failure allows trees to remain upright in their natural growth position.
......................................................................................................................................................... 155



W (@} (@) (@) e}

N T

A=
3 &
A
3 e

%:

a3k
%

LIST OF SYMBOLS

Undrained shear strength

Peak undrained shear strength
Remolded undrained shear strength
Residual undrained shear strength
Sensitivity

Shear strain

Shear strain corresponding to a 95% of
total strength decrease

Peak shear strain

Residual shear strain

Shear strain on the onsetrefmolding
Effective cohesion

Effective friction angle

Residual cohesion

Residual friction angle

Stability number

Remolding index

Liquid limit

Liquidity index

Plasticity index

Poi ssonbés ratio
Lateral earth pressure-gfficient at rest
Initial void ratio

Change in void ratio
Youngdés Modul
Shear Modulus

us

Slope angle

Slopeheight

Unit weight of soil

Deviatoric plastic shear strain
Deviatoric plastic shear strain on ti
onset of remolding

Linear softening cefficient

Pore water pressure

Shear deformation

Strain rate

yield stress

plastic viscosity

Total stress

Normalized strain energy
Limit state strain energy
Strain energy per unit volume
Preconsolidation pressure
Site-specific strength
constants

Initial potential energy
Remolding energy

Kinetic and frictional energy
Destruction index

Crest to crest retrogression distance
Runoutdi st ance from
Proportional constant

Brittleness Index

reductiol



NC:

OcC.:

CuU:

TSP:
ESP:
DSS:

FEM:
TL:

UL:

ALE:

RITSS:

CEL:

PFEM:
SPFEM:

MPM:

LEA:

LIST OF ABBREVIATIONS

Normally Consolidated
Over Consolidated
Consolidated Undrained
Total Stress Path
Effective Stress Path
Direct Simple Shear
Finite Element Method
Total Lagrangian

Updated Lagrangian

Arbitrary LagrangiarEulerian

Re-meshing and Interpolation
Technique with Small Strain
Coupled EuleriasLagrangian
Particle Finite Element Method
Smoothed Particle Finite Elemer
Method

Material Point Method

Limit Equillibrium Analysis

SLE:

LOU:

HIL:
THU:
MAS:
SAL:

SJV:
SST:

SSER:

MTMDET:

NVE:
MP:
CN:
PIC:

GIMPM:

SaintLéon

Louiseville

SaintHilaire

SaintThuribe

Mascouche

SaintAlban

SaintJeanVianney

StressStrain curves from Tavenas et al
(1983)'sdata

StressStrain curves predicted by Einav
and Randolph (2005)'s strain softening
equation

Quebec Ministry of Transport,
Sustainable Mobility and Transport
Electrification

Norwegian Water Resources and Energ
Directorate

Material Points

Computational Nodes

Particle in Cell

Generalized Interpolation Material Point
Method



DEDICATION

To mymother

| owe my entire being to you.



ACKNOWLEDGMENTS

| would like to express my sincere gratitude to theividuals whose guidance, support, and
encouragement have been instrumental in the completion of my PhD thesis.

First and foremost, my eternal gratitude goes to Dr. Ali Saeidi, my supervisor, for his unwavering trust
and belief in my abilities. His support and encourageraeabledne to pursue my PhD studies abrddtave
never met a more flexible amésyto-work-with person like himDr. Saeidi'prudentguidance and generous
understanding of my limitations have been invaluable.

Likewise, Isincerelyappreciate Dr. Alba Yerro, my esupervisor, for her timely and insightful guidance.
Her expertise and steadfast support were indispensable in overcomwingsearch challengekler critical
thinking and judicious responses to my inquiries hewgghtme to tackle critical questions adepthyer
unwavering work ethic and brilliance have inspired me endlessly as a scholar and woman

I am profoundly grateful to Dr. Rama Vara Prasad Chavali, my mentor, for imparting essential
knowledge and teaching me the basics of writing research papers. His guidance and expertise have been
instrumentalthroughout this journey. His readiness to clarify my doubts whenever they arose has been a
testament to his dedication. Having a mentor like him has been a true blessing.

My thanks also extend to Sarah, with whom | have shared this entire journey. Starting together, facing
challenges, and growing together as academics have been a significant part of my PhD experience. | will always
cherish our discussions about our reseafatditionally, | want to acknowledge the valuable feedback and
comments from our research group, R2eau, during our monthly meetings.

| owe a debt of gratitude to my undergraduate and MSc supervisor, Dr. Mehedi Ahmed Ansary, who
instilled in me the first seed of confidence that | could achieve something meaningful in academia. His belief
in me has been foundational. Likewise, | am thahkb my former organization Environment and
Infrastructure Management Solutions (EIMS) Ltd, Bangladesh, for granting mgear 3tudy leave, no
questions asked.

My deepest gratitude extends to family for their unconditional love, understanding, and support
throughout this journey. Their encouragement and sacrifices have been the bedrock of my kaccess.
indebted to my husband for beingy best frienda constant from childhoodlam grateful to my child, Uzair,
for being a constant source of encouragement and love. Your presence has inspired me to overcome challenges
and reach this significant milestone in my academic career. Lastly, my heartfelt thanks go to my best friend,
Eva,who has been my pér of support and kept me grounded during moments of emotional turmoil throughout
my PhD.

| amgenuinelygrateful to each of you faontributingto my academic and personal growth. Thank you
for believing in me and being an integral part of this remarkable journey.



CHAPTER 1

INTRODUCTION

1.1GENERAL

Landslides in sensitive clays are recurrent events in the northern countries of the world, especially in
Canada and Norway. The impact of landslides is catastrophic to both the population and the economy. Natural
resources Canada] has reported that the annual damages by landslides are worth $200 to $400 million in
Canada. Around a thousand people have died in landslide events all over the country from 1771 to 2018, among
which 134 fatalities were recorded solely in the Québec medjie to the glaciomarirgensitive clay failures
in the St. Lawrence Lowland®]. Because of the nature of sensitive clay, runouts, and affected areas are
generally very large. In the sensitive clays of Norway, the Gjerdrum landslide (2020) spanneaf fims
of 210 000 M and additionally affected 90 00C?iny debris flow. A total of 1,000 people were evacuated, 10
people died, 31 houses were destroyed, and the mitigation works were worth $20 million without the rebuilding
cost of infrastructure or environmental damaffjs Therefore, understanding the triggering factors, failure
mechanisms, and pefgilure consequences of these landslides is vital for risk assessment and improving the

resiliency of the affected communities.

Understanding how material sensitivity controls soil behavior is paramount in analyzing landslides in
sensitive clays. The unique nature of sensitive clays is that under shear loading, after reaching the peak shear
strength, there is a dramatic reductinrshear strength with increasing strgify this phenomenon is generally
called "strainrsoftening." In this context, "sensitivity" is the ratio of the peak shear strength to the reduced shear
strength that expresses the loss of strength when the soil experiences large deformation. The dewglopment
sensitivity of the clays is attributed to the depositional features of sensitive clays and the ongoing weathering
effect on embankment soils. Sensitive clays are believed to have been deposited in marine environment
depressions left by the Laurentiar isheet around 14000 to 6000 years ago from the preserjblinie to
the exposure to seawater with high salt concentration, the clays formed a flocculated structure with high
undisturbed shear strength. With the deglaciation of the ice sheets over time, the lands that were once depressed

by the massive weight of ¢hice sheets rose above the sea leveldiiatic rebound). Due to this uplift of the



clay deposition above the seawater, the clays were exposed to fresh water. When the freshwater flows through
the soil, the salt concentration within the soil mass reduces due to the leaching out of salt into the fresh water.
As a result, even though theagb retain their flocculated structure, they do not have the salt ions that keep the
structure stable. This structure is mstable and highly susceptible to disturbance, leading to very low
remolded strength. This metastable structure is destroyed eipaiding, and the liberated interparticle surface

water transforms the clay into a ligdiéte fluid, commonly referred to as remolded cldg$. During this

process, the shear strength reduces from g@aktp remolded@ ) strength and the sensitivit$ § of the soil

is quantified as the ratio of the peak and remolded shear strédgitt©(). When subjected to loading, the
potential to liquefy or get remolded is one of the leading agents governing tHaipostbehavior of sensitive

clays. When excessive stress surpasses their peak shear strength, narrow shear bands with locdbreq strain
triggering the structural transformation that remolds the soil mass. The remolded clays within the shear bands
can either spread laterally or drift away from their original position, resulting in a series of failures that progress
in either a progresve or retrogressive manngf]. These landslides can extend over kilometers, resulting in
widespread destruction and devastating aftermath in the affected areas. The catastrophic consequences of
landslides occurring in sensitive clays have sparked significant interest among resgarvtioersave
extensively investigated the behavior of these materials under different loading conditions. The accurate
prediction of the posfailure mechanism and the potentially affected area can significantly facilitate the

evaluation of disaster risk atide development of effective mitigation measures.

The mechanism behind retrogressive failure in sensitive soil involves various complex features,
including the landslide trigger, the formation of shear bands or multiple failure surfaces, the movement of
remolded soil, and the progression of the landslideese complexities pose significant challenges when
conducting numerical analyses of sensitive clay landslides. Traditional methods, such as limit equilibrium or
finite element strength reduction techniques, face two major issues that render themlarfeuitgdplication
in sensitive clay slopes. Firstly, these conventional approaches have limited capability in predicting landslide
initiation and cannot at all predict subsequent failures or runouts in retrogressive landslides. Secondly, the large
deformaions associated with these landslides can cause mesh tangling in conventional finite element methods.
The strainsoftening behavior exhibited by sensitive clays, responsible for the intricate failure mechanism,

necessitates using sophisticated constiéusivil models and advanced numerical tools capable of handling large
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deformation problems. The capability to reproduce realistic ss@i@ning characteristics in the material

model is necessary for more accurate numerical analyses of large deformation problems in such[Bjaterials

Over the past two decades, considerable progress has been made in addressing large deformation
problems in geotechnical engineering. Various rested and meshless numerical frameworks, such as the
arbitrary Lagrangian finite element method, the parficige element method, and the material point method,
have been successfully implemented to capture some key characteristics of large retrogressij@ifaiiires
Additionally, the development of strasoftening constitutive soil models has further enhanced the ability to
model these phenomena effectively. Numerical modeling of sensitive clay slopes offers valuable insights into

failure mechanisms and pefstilure runout, which are crucial for landslide hazard mapping in such areas.

1.2PROBLEM STATEMENT

Ideally, the strain value required to reach the remolded shear stress is extremely large. Stark and
Contrerag12] suggested that a completely remolded state may occur when the specimen is sheared to several
hundred millimeters, corresponding to several hundred percent of the shear strain in soil specimens subjected
to conventional laboratory teqts2]. Stressstrain curves obtained from triaxial compression tests are limited
to only 10 20% strain13]. Generally, ring shear tests, reversal shear box tests, or direct simple shear tests are
used to study the large deformation behavior, but these labosataley shear tests could only achieve strains
up to 30%45%[14i 18]. Thakur et al[19] examined the stresgrain behavior of sensitive clays using field
vane shear testing9]. However, the residual torque at 90U rota
after multiple manual turns due to factors associated with the drainage in the failure zone around 2. vane
Thus, predicting pogpeak stresstrain behavior is one of the major challenges in analyzing sensitive clay
landslides where large deformation is involved. Some researchers used the linear strength degradation equation
for simplicity [16, 21, 22] but strain softening in sensitive clays can be highly nonlifighin8]. As per the
author's knowledge, the very first equation to represent the -sofliening behavior of sensitive clay for
measuring the resistance of soil around a cone penetrometer was propdSedvbgnd Randolpf23] as

follows,
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whereO is the peak shear strengf,is the degraded shear strength after the p@aks the remolded
shear strengtlr, is the strain corresponding @, andr s the strain when the strength is reduced by 95% of
the supposed total reductiod (O ). Given the absence of a suitable method to assess the large deformation
characteristics of sensitive clays, recent studies predominantly revolve around retroactively analyzing past
landslides. This involves iteratively adjusting large deformation pasamattil they align more closely with
observed field behavior. Consequently, as of now, no analytical tool is capable of predicting the potential extent

of retreat or advancement in a sensitive clay landslide.

Several research questions arise based on the complexities and challenges identified in analyzing the
postpeak stresstrain behavior of sensitive clays, particularly in the context of large deformations involved in

landslide eventsThese questions aim to deepen the understanding and improve predictive models:

1. How canthe complete straisoftening behavior of sensitive clays up to the remolded state be

determinedo reflect the nonlinear degradation of shear strength observed in field and laboratory tests?

2. What modifications are necessarthe existingstrainsoftening equatioto adequately capture the
large deformation characteristics of sensitive clays in a way that aligns with observed field behavior during

landslides?

3. Can a new or improved method be developed to assess and predict the potential extent of retreat or

advancement in sensitive clay landslides based on more accurate large deformation parameters?

4. To what extent can the iterative adjustment of large deformation parameters in numerical simulations

be optimized to enhance the accuracy and reliability of landslide prediction models?

Addressing these questions cosignificantly advance the study sénsitive clay landslides, enhancing

theoretical understanding and practical applications in geotechnical engineering.



1.3RESEARCH OBJECTIVES

The primary purpose of this study isdevelop a numerical tool féihe successful prediction of sensitive
clay landslidesThestudy aimgo bridge the gap arising from the limitations of conventional laboratory shear
tests for evaluating the largkeformation parameters of sensitive clay. The objective is to develop a strain
softening constitutive soil model that can accurately predict tls¢faidure behavior of sensitive clays.
Subsequently, this model will be incorporated into a numerical framework capable of effectively handling
extensive deformations, thereby facilitating the accurate prediction of retrogressive landslides in skxsitive ¢

areas. Consequently, the specific research objectives are outlined as follows:

1 Develop the complete pepeak curve up to remoldingroficiently replicating pospeak
stressstrain curves to address the limitation of evaluating the large deformation parameters
through laboratory testing.

1 Integrate the pogteak behavior to a constitutive soil modeio the Material Point Method
framework.

1 Calibrate the softening behavior from laboratory to field scale modeling

i Validate the proposed numerical tool by predicting retrogressive failure in previously
documented landslides.

1 Optimize the numerical simulations using the proposed predictive tool to enhance reliability

1.4AMETHODOL OGY

The research methodology is divided into four main p&réscelopment of a complete pgstak curve
up to remoldingintegration of the constitutive model in a numerical framework, calibration and validation of
the model, and optimization of the simulation process. Each step of the methodology is presented in the

following chart.
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Figurel-1. Flow chart of the methodology adopted for the study

1.4.1Development of a complete pogpeak curve up to remolding

Extensive investigations are conducted into the large deformation behavior, laying the foundation for
developing the constitutive equation. An analytical approach is employed to construct -atsiiessurve
capable of encompassing significant straimawing upon experimental data from 9 distinct locations featuring
eastern Canadian Sensitive clay. Building on the insights gained from the limitations of existirgostesiimg
equations in accurately representing stssasin curves derived from expmental data, a novel sipecific
strainsoftening criterion is formulated. This criterion serves as a means to effectively anticipate-fadyrest

behavior of sensitive clays.

1.4.2Integration of the postpeak behavior in a numerical framework

The study adopts the opsourcematerial point method (MPM) framewaqrRnura3D, to integrate the
postpeak behavior of sensitive clafgg numerical modelingwithin the MPM framework of Anura3D, a user

defined soil model incorporating the newly developed stsafitening equation is integrated. The efficiency of



the numerical model in replicating the straimftening behavior of the newly developed equation is validated

by simulating a direct shear test.

1.4.3Calibration and Validation

As the softeningquation is obtained from direct simple shear test data, the element size of the numerical
model is kept the same as the direct shear test sample while simulating the test. While simulating direct shear
tests with extremely small element sizes (0.604rovides accurate results, employing the same element size
for realscale landslide simulations becomes computationally very expensive. On the other hand, using a larger
mesh size can lead to erroneous outcomes because employing strain softeningeimicoahvcontinuum
numerical methods often results in mapendent strain localization problems. The smeared crack approach
is commonly employed as a regularization technique to address th§2i4kuEhis approach assumes that the
total work dissipated by a shear band is equivalent to the fracture energy dissipated in a discrete crack, and
consistency in the dissipated work across shear bands of different element sizes ensures consistent results,
irrespective of the mesh size employed. This can be achieved by conducting numerical shear tests using various
mesh element sizes. By calibrating constitutive moduli, it is possible to ensure that the area under-the stress
strain curve (dissipated work) isue] for each element size used for discretizing the shear band. If the dissipated
energy is equal in the shearing process, the-fadste movements should be more or less similar per the
smeared crack approach. Applying this methodology, the constijgireeneters are calibrated for the scale
factor. After obtaining the calibrated parameters, the numerical tool was employed at three landslide locations
to predict the postailure runout and retrogression. Finally, the predicted results have been cortptred

field observation to determine the model's validity

1.4.4 Optimization of the model

Following the validation of the model against three landslide evertsonducted a sensitivity analysis
to assess how model parameters influence the simulated outcomes. Subsequently, we proposed optimization
techniques to increase the model's reliability and reduce costseffdutivenesof these techniques was
demonstrated through a reabrld scenario. This step focused on optimizing the model parameters to accurately

simulate largescale, complex, retrogressive failures in sensitive clays.



1.50RIGINALITY

The research aims to make groundbreaking contributions to deepen the understanding and improve
predictions of retrogressive landslides in sensitive clays. The study proposes the development of a novel strain
softening equation informed by experimental de¢aognizing the intricacies prevalent in the gostk stress
strain curves of sensitive clays. This forthcoming equation is envisioned to capture the extensig&amess
behavior of sensitive clays during large deformations, potentially overcofmngonstraints associated with
traditional laboratory shear tests. By anchoring the model to the authentic behavior of sensitive clays under
pronounced deformations, accurate projections of-peak stresstrain curves up to remolded shear stress
levelsare anticipated. Furthermore, this innovation aims to precisely compute the remolding energy within
sensitive clay slopes, potentially introducing a new means to assess landslide susceptibility to retrogressive

failure through the remolding energy critario

The intended model, once validated with field observations, is expected to be a valuable tool for landslide
prediction. It is hypothesized that aligning predictions of retrogressive failures, derived from the proposed
strainsoftening equation and prospiget calibrated constitutive parameters, with r&akld observations will
not only validate the model's relevance but also highlight the potential efficiency of the smeared crack approach
in mitigating mesh dependency in continuum frameworks. Moreovsraitticipated that the numerical model
will visually represent the evolution of shear band formation during retrogressive landslide movements, offering
deeper insights into this vital process. By aligning the model's hypothesized failure mechanistresonétical

constructs from existing literature, its credibility and expanded applicability aim to be ensured.

This research aspires to pioneer a transformative stodianing equation, provide pivotal insights into
retrogressive landslide prediction in sensitive clays, and expand knowledge on shear band formation. By
drawing a congruence between anticipatedautes and observations, the aim is to validate the model's utility

and pave the way for further inquiries and tangible implementations in slope stability analysis



1.6 THESIS OUTLINE

Fourjournal papers are the outcome of this thasidare presented separately in Chapters2 fthe general
structure of the articles comprises the Abstract, Introdudlamerical framework an@onstitutivesoil model

Analysis Discussionand Conclusion.

CHAPTER 1 begins by providing a detailed discussion of the research topic, aimpugttaythe key
research questions. Expanding on this foundation, the chapter articulates the research objectives. Subsequently,
it delves into a comprehensive description of the methodology employed to achieve these objectives. Finally,
the chapter concludes Wwitan overview of the overall structure of the thesis, providing readers with a clear

roadmap of what to expect.

CHAPTER 2commences with an4idepth review of pertinent literature concerning the distinctive stress
strain behavior of sensitive clays, particularly focusing on their susceptibility to retrogressive failure. Next
comes d@horoughdiscussiorof the failure mechanisms observed in retrogressive land&lasesd on previous
studies Subsequently, an evaluation of existing constitutive soil models is conducted, aimed at replicating the
strainsoftening behavior inherent in sensitive clagsphasizingheir applicability to specific cases. This is
followed by a detailed review of advanced numerical frameworks to address the challenge of large deformations
associated with landslides in sensitive clays. Finally, the ehhfghlights the contributions of previous studies
in elucidating the intricate po$ilure behavior of sensitive clays and outlines avenues for future re e

on their limitatiors.

CHAPTER 3presents an analytical methodology to develogtrainsoftening equation tailored to
capture théarge deformation behavior of sensitive claykis approach integrates experimental data fiora
pre-historic Eastern Canadiasensitive clay landslide locations new, sitespecific strairsoftening criterion
is formulated by addressing the shortcomings observed in existing-stfé&éming equations regarding their
accuracy in representing strestgain curves derived from experimental datais criterion serves as a valuable

tool for predicting the podtilure behavior of sensitive clays.



CHAPTER 4calibrates and validates anstitutive soil model using the developed stsftening
equation fromChaptei3. It integrates this model into the Anura3D software and validates its efficiency through
direct shear test simulations. Additionally, constitutive parameters are calibrated for the scale factor using a
smeared crack approach to mitigate meéspendent sain localization. The calibrated parameters are applied
to predict posfailure runout and retrogression at three landslide locations, with results compared to field

observations to validate the model.

CHAPTER 5examines the impact of certain model paramesersh as element size, number of material
points, geometrical representatipandmethals for triggering failure in the numerical modah simulation
outcomes, building on the methodology proposed in Chapter 4. The primary objective is to refine these
parameters to develop a more accurate andeffesttive approach, emphasizing the critical nature e$e¢h
adjustmerg when using the proposed numerical tool for simulating sensitive clay landslides. Moreover, this
chaptedemonstrates the effectiveness of these optimizafiorzecurately predicting one of the most complex

and large retrogrese failures of eastern Canada

CHAPTER 6presents the most important outcomes of the present work and the directions for future

research.
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2.1ABSTRACT

Landslides involving sensitive clays are recurrent events in the world's northern regions and are
especially notorious in eastern Canada. The two critical factors that separate sensitive clay landslides from
traditional slope stability analysis are the Hiig brittle behavior in undrained conditions (straioftening)
characteristic of progressive or retrogressive failures and the large deformations associated with them.
Conventional limit equilibrium analysis has numerous shortcomings in incorporatiegctieascteristics when
assessing landslides in sensitive clays. This paper presents an extensive literature review of the failure
mechanics characteristics of landslides in sensitive clays and the existing constitutive models and numerical
tools to analyzesuch slopes' stability and pefsilure behavior. The advantages and shortcomings of the
different techniques to incorporate straioftening and large deformation in the numerical modeling of
sensitive clay landslides are assessed. The literature rdg@ets that elastoviscoplastic soil models with-non
linear strainsoftening laws and rate effects represent the material behavior of sensitive clays. Though several
numerical models have been proposed to analyzefaibste runouts, the amount of work ni@rmed in line
with sensitive clay landslides is very scarce. That creates an urgent need to apply and further develop advanced

numerical tools for better understanding and predicting these catastrophic events.

Keywords: Progressive landslide, Sensitive clay, Numerical modeling, Séaftening, Constitutive soil

model, and Large deformation.

2.2INTRODUCTION

Landslides in sensitive clays are recurrent events in the northern countries of the world, especially in
Canada and Norway. The impact of landslides is catastrophic to both the populationecwhtitay Natural
resources Canada (NRCan) has reported that in Canada, the annual damages by landslides are worth $200 to
$400 million[1]. A total of 778 people hawdied in landslide events all over the country from 1771 to 2018,
among which 134 fatalities are recorded solely in the Québec region due to the glaciemasitiee clay
failures in the St. Lawrence Lowlanfy. Because of the nature of sensitive clay, the runout and affected area
of these landslides are generally very large. In the sensitive clays of Norway, the Gjerdrum landslide (2020)

spanned a flovoff area of 210 000 fand additionally affected 90 000?roy debris flow. A total of 1 000
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people were evacuated, ten people died, 31 houses were destroyed, and the mitigation works were worth $20
million without the rebuilding cost of infrastructure or environmental damfjed herefore, understanding
the triggering factors, failure mechanisms, and {i@iire consequences of these landsligesital for risk

assessment and improving the resiliency of the affected communities.

Understanding how material sensitivity controls soil behavior is of utmost importance in analyzing
landslides in sensitive clays. The unique nature of sensitive clays is that under shear loading, after reaching the
peak shear strength, there is a dramatiftiction in shear strength with increasing stfd]nthis phenomenon
is generally referred to as "strasoftening.” In this context, "sensitivity" is defined as the ratio of the peak
shear strength to the reduced shear strength that expresses the loss of strength when the soil experiences large
deformatia [25, 26] The development of sensitivity of the clays is attributed to the depositional features of
sensitive clays as well as the ongoing weathering effect on embankment soils. Sensitive clays are believed to
be deposited in marine environment depressions leftidy aurentian ice sheet around 14000 to 6000 years
ago from the present tinjg, 27]. Due to the exposure to seawater with high salt concentration, the clays formed
a flocculated structure with high undisturbed shear strength. With the deglaciation of the ice sheets over time,
the lands which were once depressed by the huge weight iwktlsbeets rose above the sea levelgtatic
rebound). Due to this uplift of the clay deposition above the seawater, the clays got exposed to fresh water.
When the freshwater flows through the soil, the salt concentration within the soil mass recutestau
leaching out of salt into the fresh water. As a result, even though the clays retain their flocculated structure,
they do not have the salt ions that were keeping the structure stable. This structure is cattalheetahich
is highly susceptile to disturbance and leads to very low remolded strength. Some marine clay deposits exhibit
exceptionally high sensitivity after the significant reduction in shear strength with increasing strain; the soil
completely loses its structural stability andrsforms from a solid to a liquitke substancg6, 28]. This
process is termed "remolding of sensitive clays," and the shear strength at which the process of remolding
begins is termed the "remolded shear strength." These soil deposits are also referred to as "quick clays."
Sensitivity values for quick clayare generally greater than 30 with remolded shear strength less than 0.5 kPa
[29]. Crawford[26] reported that eastern Canadian quick clays have a sensitivity value ranging from 20 to
several hundred. In a sensitive clay landslide, the initially deformed soil deposits get remolded and flow away

from the source area, leaving the newly formed slopappwrted, which may initiate another instability. This
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process can lead to a series of failures extending far beyond the crest of the initi@@§ldgence, for highly
sensitive clays, the slope failure initiation is not the only concern, but thégilosé analysis is also critical.
The subsequent sliding is referred to as "progressive" if the failure progresses forward and "retrogressive" if the

failure propagates rearwaj8il].

The current state of knowledge related to the detailed analysis of landslides in sensitive clays depicts that
computational modeling is more adaptable than other approaches, such as theoretical analysis, empirical
analysis, and experimental investigatio@enventional limit equilibrium analysis has numerous shortcomings
in incorporating complex geometry, ndinear soil behavior, and relfe field condition. Moreover, it cannot
predict posffailure runout. Alternatively, numerical modeling is a handy tooslope stability analysis because
it requires fewer assumptions, especially regarding the failure mechanism, and can account for complex
constitutive behaviors. Even though numerical modeling for landslides has come a long way in the last three
decads, a few works have focused on the challenging features of sensitive clays (e.gsostesmimg, the
transition from solid to liquid form, and pefgtilure large deformation(p, 32, 33] The reasons for this lack of
information are, for example, that the simulation of stsaiftening materials is challenging in continuum
numerical frameworks, strains tend to develop and localize along narrow shear bands, and several mesh
regularizatiortechniques need to be adapted to obtain Areddpendent resulf8, 22, 34] In addition, a well
established constitutive framework is required to capture the transition from solid tod&hastior. Finally,
the modeling of postailure behavior in historgdependent materials is complex, and current sthj@actice
numerical techniques (i.e., finite elements and finite differences) suffer from mesh tangling when dealing with

large deformabns[35].

The objective of this paper is to provide an extensbview of (a) the behavior of sensitive clays under
shear loading, (b) the landslide mechanisms in sensitive clays, and (c) the available numerical models (i.e.,
constitutive laws and numerical frameworksed for the assessment of such landslides by examining the
concerns and advancements of each technique. The paper is organized as follows. Firstptek strstss
strain behavior of sensitive clays is presented. Then, typical sensitive clajidesidsiggering and failure
mechanisms (i.e., flows and spreads) are outlined. After that, the existing numerical tools used for the evaluation

of sensitive clay landslides are revised. In particular, the specific utility of constitutive models trestsaddr
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strainsoftening and numerical frameworks that cover large deformation problems in the assessment of
landslides are discussed. Finally, the literature review is compiled in a summary table, and the conclusions and

future research lines are highlighted.

2.3BEHAVIOR OF SENSITIVE CLAYS

When subjected to monotonic shear loading in drained conditions, sensitive clays have a robust
collapsible nature for both normally consolidated (NC) or over consolidated (OC) state. Due to the depositional
history of sensitive clays, during drained sHadure, they experience a dispersion in their reédble structure
and a simultaneous decrease in pord§i6}. In contrast, the neeensitive clays show dilative or contractive
nature in drained shearing based on being OC and NC state, respectively. This difference in volumetric behavior
in drained conditions directly impacts the undrained behavior of clayougthno volumetric deformation is
expected in undrained conditions, the material's tendency to contract or dilate governs the sign of the excess
pore pressure (positive or negative, respectively) generated during the loading process, impacting the undraine
shear strength and the soil behavior. While-sensitive OC clays generate negative pore pressure (suction)
and experience enhanced undrained shear strength (with respect to the drained condit&amsitioe NC
clays generate (positive) excess poeder pressures leading to reduced undrained shear strength. Mild strain
softening behavior might be observed in either case, but it does not greatly impact shearing resistance. On the
contrary, in sensitive clays (NC or OC), the strong tendency to cellapds to a massive generation of excess
pore pressure, the shearing resistance is reduced to a negligible value, and tisefttraimg behavior is
exacerbated in comparison with the one experienced bysewsitive clayd37]. Both nonsensitive and

sensitive OC clays exhibit similar strasoftening behavior in drained conditions.

Early studies on the stresfrain behavior of sensitive clays explicated stsaftening phenomenon
based on experimental resy®$, 38] Skemptorj38] illustrated that if overconsolidated clays are strained, the
shear strength would initially increase up to a certain point (peak shear strength). Then, the strength would start
to decrease gradually with increasing strain to a residual value at a Isptpediment. He stipulated that post
peak strairsoftening occurs due to the reduction of the effective cohedijan(d friction angle3 paf such

clays to a residual valueA(sand3 @ (Figure 2-1). Bjerrum [39] suggested that in undrained shearing,
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increasing pore pressure with increasing strain might cause a decrease in shearing resistance due to the
diminished effective stress. Consistent with this idea, several researchers in the last two decades stipulated that
the postpeak shear strength rediact in soft sensitive clays is governed by skieduced pore pressure rather

than by a reduction of the values of the strength parametemn@A)d22, 40, 41] Figure2-2 represents the
stressstrain relationship and stress paths of CU triaxial testing, where the undrained effective stress path (ESP)
follows a unique failure line when subjected to undrained she#tiBy The resulting undrained strain
softening behavior is related to the increasing shrehrced pore pressur8 (), thereby reducing the effective

stressThakuretal.[13]support ed

t ha

t reductions in (@N;j

and

to very large strains, which was demonstrated in constant volume ring shear test resultssensitve

Drammen plastic claj42].
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Figure2-1. Drained behavior of an overconsolidated clay under shear loading[&8ter
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Figure2-2. lllustration of the strairsoftening mechanism (a) Development of excess pore water pressure
resulting in reduced shear strength; and (b) Effective stress path and total stress path following a unique
failure line indicating no reduction in effective calien and friction angle (aft¢t 3]).
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Canadian sensitive clays can have a remolded undrained shear sigdagsétitisan 1.5 kPa measured by
Swedish fall cone tesf$7, 18, 43] Tavenas et a[44] determined the strain energy required to remold sensitive
clays up to a certain percentage (79086) for different locations in eastern Canada and plotted the remolding
index () vs. strain energy curves. Later on, Quinn ef4&l] converted those curves to stressain curves and
pointed out that the shear strain required for 7% of remolding is far beyond 100%i§ure 2-3a). Stark
and Contreragl2] also suggested that a wholly remolded state may occur when the specimen is sheared to
several hundred millimeters, equivalent to several hundred percent shear strain in soil specimens subjected to
conventional laboratory tests. But such large strainsataom attained by standard laboratory shear testing.
Stressstrain curves obtained from triaxial compression tests are limited to of#Q%0strain13]. Generally,
ring shear tests, reversal shear box tests, or direct simple shear tests are used to study the large deformation
behavior, but these laboratesgale shear tests could only achieve strains up tc889%414, 15, 17, 18, 46]

This limitation warrants the need for straioftening equations to predict the complete {pestk softening
behavior up to the remolded str§4g]. Figure2-3b illustrates DSS results in undrained conditions for sensitive

clays from five different locations in Canada; it can be observed thatstféning in sensitive clays is highly

nortlinear.
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Figure2-3. (a) Analytically interpretedtsessstrain curves based on the data ofrérmaolding index vs.
normalized strain energy curves bgvenas etla[44] (after[45]) (b) Experimental DSS test results showing
strainsoftening behavior of sensitive clays for different locations in Canada; the legends show the depth of
the sample along with the location nataéter[14, 15, 17, 18, 46]

The behavior of sensitive clays is significantly affected by the deformation \faté. et al.[48]
performed onalimensional and isotropic consolidation triaxial tests on heavily consolidated sensitive clay.
They observed that the compressibility and the undrained shear strength considerably depend on the
development of timglependent strain, generakyown as creep. Creep is a phenomenon in which a soil mass
undergoes a slow and gradual deformation over time while subjected to constant effectijéHtrésaas
noted that low strain rates caused increased compressibility and reduced shear strength. Other studies on
sensitive Leda clay also support the fact that the undrained shear strength of the soil increased by2about 6
% for atentimesincrease in strain ra{®0, 51] Lefebvre and Leboeyb2] found a linear variation of shear
strength with the logarithm of strain rate by performing several monotonic and cyclic triaxial tests on three
undisturbed sensitive clay samples from eastern Cartéadaré 2-4). Field observations of sensitive clay
landslides have indicated that the creep behavior significantly influences the field conditions for landslide
initiation in glacimarinesensitive clay$53]. Creep development leading to failure has three stages, a primary
stage when the strain rate decreases over time, a secondary stage where the strain rate is constant, and a tertiary
phase when the change in strain rate accelerates until global failums [@&; 53] Neglecting the impact of
strain rate during the primary stage can promote the initiation of failure. However, during the tertiary phase, not
considering strain rate can lead to overestimating the velocity of flowing debris, resulting in more significant

retrogression and runout.
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Figure2-4. Change in undrained shear strength ratio with strain rate [32Rr

In sensitive clays, the sliding surface may develop in a narrow shear band due to theofitraing

response before any significant movement occurs. The strength degradation process is initiated when the

gravitational shear stress surpasses the peahkgstr. As a result, unbalanced stresses are transferred to the

surrounding areas, potentially overstressing the neighboring points. This process eventually leads to the

development of a continuous weak zone where all the subsequent plastic deformatisngecarally known

as a shear barf@4]. The energy released during strain softening acts as the driving force for the propagation

of the shear band. The shear band propagates steadily as long as the mobilized strength within the shear band

is lower than the peak strength but greater tharetmelded strength. Wheslastic deformations further reduce

the shear strength in the weak zone to the remolded strength, the shear band can progressively propagate without

additional external loaf15]. The required length for the catastrophic propagation of the shear band is known

as the characteristic length or the critical length of the shear band. Several analytical and numerical methods

exist to evaluate this critical lengfs5i 57]. Propagation of shear bands beyond their critical length leads to

large retrogressive failures in sensitive clays. Detailed descriptions of the formation of the sliding surface in

sensitive clay landslides can be found in Locat et[aBEwork.
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2.4LANDSLIDE TYPES AND FAILURE MECHANISMS

Sensitive clays (quick clays) are postglacial marine deposits found primarily in North America (Eastern
Canada and Alaska) and Scandind&®]. The largest deposits of postglacial marine clays were formed in the
Champlain Sea in the Saibawrence lowland, approximately 12,500 to 10,000 year$6BP Lefebvre[61]
identified landslides as an important feature of valley formation caused by erosion of rivers and streams. He
emphasized that the erodibility of the clay layers and chang@imdwater regime in these deposits are major
causes of instabilitDemers et a[43] illustrated that the majority of the landslides in Canadian sensitive clays
have occurred along the watercourses where erosion acted as the main triggerin@uiamboet al[45, 56]
stated that the development of a failure surface in a sensitive clay landslide might be very slow (years of small
erosions) or rapid (earthquake, pile driving, blasting, or other sudden shocks) depending on the triggering factor.
However, if a slope hasarginal stability, a small increase in stress in the slope (e.g., due to seasonal variation
of pore water pressure) can cause a catastrophic f@§@dret5, 62] Various hydrological factors, including
precipitation, piezometric pressure, groundwater flow, and other processes, are recognized as contributors to
triggering retrogressive failures in sensitive clfyk, 63, 64] Case studies and discussions of large landslide
events in glaciomarine clay often identify hydrogeological factors, such as rainfall, snowmelt or anomalous

weather leading up to the event, as a possible tri§§ei66]

Different authors tried to classify landslides in the presence of sensitive\é¢dapeg31] identified two
kinds of landslide, "spreading by lateral failure" and "earth flow" if the mass slides or flows, respectively.
Carson and Lajoi¢67] classified the landslides in the sensitive marine sediments into five categories: two
dimensional spreading failures, aborted retrogression, excess retrogression, multidirectional retrogression, and
flakeslides. The last four are comparable to the eantisfdefined byarnes[31]. Tavenag68] andKarlsrud
et al.classified the landslides observed in the sensitive clays of Cana®&candinavia based on the type of
movement involved in the slides as single rotational slides, multiple retrogressive slides (earth flows/flow
slides), translational progressive flake slides, and sprfgg]sdentified the last three types to occur suddenly
and affect large areddungr et al[69] updatedv a r n [813 ddassification into 21 separate categories, among
which landslides observed in sensitive clays are divided into sensitive claglftteg (multiple retrogressive

slides (earth flows/flow slides) and translational progresfildée slides) and sensitive clay spreads. The
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following two subsections present a literature review on the two most important mechanisms: flow slides and

spreads in sensitive clay.

Although spreads and flow slides are well distinguished in the literature, there is no clear agreement on
how to differentiate their occurrence based on the material properties and characteristics of tBesiepe.
et al.[43] analyzed the characteristics of historically recorded flow slides (over 60) and spreads (about 40) and
showed similar material properties for both mechanisms. Some researchers pointed out that spreads can occur
in soils with low sensitivity where a flowide will not occur{70i 72]. Quinn et al[73] suggested that spread
occurs where the thickness of the crust is larger compared to the sensitive clay layer; thus, the remolded clay
flows underneath and squeezes up through the cracks. In the event of flow slides, the upper crust is relatively
thin compaed to the sensitive clay layer; hence the crust is carried away with the remoldéakeciaeys et al.
[43] found that spreads occur when the sensitive clay layers exist below the watercourse level, contrary to flow

slides.

2.4.1Flow slides

Flow slides initiate with a single rotational failure that is usually a result of a slow decrease of the shear
strength in the sensitive clays due to leaching out of salt through pore water in the process of erosion over
decades (i.e., drained conditioffig}]. Consistently, the initial failure should be analyzed in drained conditions
except for the cases when it is initiated by sudden loading (e.g earthquake or intense rainfall). In soils that are
not sensitive, the initially mobilized mass rapidly becomedesi@ligure2-5 a,b). However, in sensitive clays,
the shear strength within the failure surface and the deformed mass reduces dramatically down to the remolded
shear strengthF{gure2-5c). When the soil mass becomes remolded, it behaves like a viscous liquid (debris)
and flows out of the newly formed crater with a considerable velocity. This movement and stress redistribution
trigger a series of retrogressive rotational failuFégure2-5d). The rapid removal of lateral support combined
with the low permeability of the sensitive clay generates negative excess pore water pressures in the back scarp
(i.e., undrained conditions) increasing the effective stf8ssTherefore, each successive retrogression must

overcome a greater average shearing resistance due to the changing initial stress conditions as the back scarp
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becomes further removed from the initial slope. Eventually, the back scarp remains stable, no more debris can

flow out, and the sliding mass stabiliz&€sgure2-5e).

Mitchell and Markell[75] estimated that the transition between drained and undrained conditions
happens at a horizontal distance from the toe of the slope betwmeed faAdt ( O A(Abeing the slope
height and the slope angle) because the stresses within the slope drastically changes ¢mdition at the
mentioned horizontal distance. Therefore, the author suggested that, for a failure starting in drained condition,
retrogression beyond a horizontal distance of 3HsedHsed from the toe of the slope should be considered
as an undrained or shddrm failure. For the undrained analysis, a flow slide occurs if the stability number,
=i (¥O is larger than 6rf being the soil's natural unit weight ang the undrained shear strength), and it
terminates due to topographic/stratigraphic restrictions or when the energy dissipated in the flowing debris

becomes equal to the energy released at the back scarp.

Other studies on flow slides in sensitive clays focus on the criteria for the occurrence of large
retrogressive landslidelsebuis and Rissmdi76] stated that large retrogressive landslides occur if the liquidity
index ( ) is greater than 1.2 or the remolded shear streddythi¢ less than 1 kPZavenas et a[44] argued
that the condition based on mechanical soil parameters is necessary for assessing retrogression potential but is
inadequate. One must account for whether the energy dissipated by the initial slide is large enough to remold
the clay so that it catdw out of the crater. They summarized all the conditions to assess retrogression potential
in four points. Firstly, an initial slope failure must occur against4@nm stability. Secondly, the baskarp
failure in undrained conditions will occur only.i >4. Thirdly, the deformed soil mass from the first slide will
get remolded if the remolding index | >70% or liquid limit & ) <40%. Finally, the remolded debris will
flowif ) >2 orO <1kPalebuis et al.also stressed that the energy required for the clay to be wholly remolded
should be dissipated from the first slide. They added another observation from case studies that earth flows with
retrogression of 100m occurs when the sensitiaty is greater than 25 and remolded shear strerth ié

less than 1 kPa. Later studies somewhat agree with the previous criteria for large retrogressive failure.
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Figure2-5 (a-e). Flow slide mechanism (after the descriptior &f])

For examplelLefebvre[27] stated that slopes with >6 andO <1.5 kPa have the risk of retrogressive
failure after an initial slideThakur and Degagfy 7] stated that soils havin@ >1 kPa are less likely to initiate
large retrogressive failur®emers et a[43] showed by analyzing the previously occurred flow slides that most
sites have very low remolded shear strength (<0.8kPa) and a very high liquidity ind&g8) 1% summarize,
the aforementioned researchers acknowledged that large flow slides are most likely to occur when the following

conditions are meB >25,. >4,x <40%) >1.2, andd <1kPa.

2.4.2Spread

Spreads are identified by their unique structure of alternative crests and level surfaces after failure,
generally known as horst and grabeR&gre 2-6). The mechanism of spread was first described as a
retrogressive failure b@denstad78] for the Skottorp landslide in the Lidan rivéddenstad78] stated that
the slide started with jpart of the riverbank slipping into the river. The driving factor for the failure initiation
was not distinctly identified, but erosion, leaching of salt, or blasting activity near theaivdrbe responsible
for the slow reduction of the stability of the slope over time. The formation process of horst and grabens is

depicted inFigure2-6. When a slope experiences instability, the strength of the weak soil layer drops due to
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stress concentration within this layer and failure propagates horizontally through the layer opposite to the river
producing a slide bottormbd", smultaneously, a slip surfac®d¢' is formed at an angle of 4parallel to the
riverbank(Figure2-6a). When stresses along "bc" reach near to zero it starts to slip forming a wetgg "bb
(Figure 2-6b). When bb'c'c” slips from position 1 to 2, it stops at a depth where it reaches the slide bottom
forming a grabenKigure2-6¢). The drag of this slip causes a ruptule™parallel to bc". By this time, the

slide bottom has already reached podit(Figure2-6¢). The horizontal drag and vertical slip cause a secondary
failure surface alongct" creating a wedge "cdeFigure2-6d). The wedge ¢de" sinks from position 3 to 4,
creating a graben which leaves a horsthatd" (Figure 2-6e). This is how the whole stripSS" forms in a
retrogressive and discontinuous manregyre2-6f) and finally slips into the river with an almost horizontal

(slightly inclined towards the bottom) translatory movement.

Mollard and Hughe§79] argued that the landslides in the Grondines and Trois Rivieres Areas, Quebec,
explained byKarrow [65] as multiple rotational retrogressive slides are instead a spreading failure. They
reasoned that earthflow cannot explain the formation of parallel ridges. Their description agrees with
Od e n s [78 thab the trigger for the initidhstability could be any of the natural or anthropogenic reasons

and that there exists a weak sensitive clay layer below the ground surface.

Figure2-6. (a-f) Spread mechanism (aftgi8])

Unlike Odenstad'& 8] horizontal propagation of the slide bottom, they stated that with appreciable stress

concentration, the sensitive clay layer gets remolded and spreads laterally like aHiguid Z-7af). The
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remoldedclay is squeezed up through the cracks towards the top layer, and the top layer is stretched and
separated into segmented blockiy(ire2-7b), which might have some rotational movements due to frictional
drag. This produces ridge or iilke patterns [figure 2-7c). The failure stops with the increased frictional
resistance of the squeezep liquid and increasing strength due to pore pressure dissipation in theigmie(

2-7d). Mollard and Hugh'§79] explanation lacks the detailing of the influence of the tension cracks to create

the prismlike structures in a spread.

Carson[70] modified Odenstad'§78] spread mechanism and described the development of tension
cracks in addition to horizontal subsidenégg(re 2-8). He analytically explained the mechanism of the
squeezedip remolded clay in tension cracks aiding the formation of horst and grabens, combining both
descriptions above. He postulated that the width of the cracks filled up with remolded clay at tfi¢hend o
landslide equals the total volume of remolded clay in the weak layer. He emphasized that spread could occur
regardless of the sensitivity being high or low; the important factor is how rapidly the soil gets disturbed to

generate a rapid flow.

Grondin and Demerf80] suggested that the formation of horst and grabens may not be discontinuous
as the description by Odenst@®] and Carsoifi70] because, in the landslide ofSgouri, the top surface of
the grabens was connected by grasgure 2-10). They suggested the landslide occurred due to horizontal

subsidence that caused the dislocation of the upper soil mass.

A well-described discussion on the mechanism of spread can also be found in Locgi83t @hey
described this mechanism as progressive (upward progressive failure) rather than retrqdjie S&3VeAs per
their hypothesis, a failure surface in the sensitive clay layer, almost horizontal to the ground, moving upward
starting near the toe of the slope, is formed before any noticeable movement occurs. The failure initiates with a
slow translational meéement of the soil mass above the failure surface. Then, the sensitive clay along the failure
surface becomes remolded and liquefies due to the accumulated deformation. The movement accelerates the
translational slide. Finally, the rapid progression ofgbi& mass above the liquified clay results in horst and

grabensKigure2-9).
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Figure2-10. SaintLigouri landslide (after[58])

2.5NUMERICAL ANALYSIS OF SENSITIVE CLAY LANDSLIDES

Numerical modeling of sensitive clay landslides should address three particular challenges: strain
softening, remoldingsplid-to-liquid transition), and large deformations. The following subsections present and
discuss the prospect of the constitutive soil models and numerical frameworks considered in the literature to

model sensitive clay landslides.

2.5.1Constitutive soil models for the study of sensitive clays

The constitutive soil model, which represents the sis&sin behavior of the soil, is the most critical
component for modeling sensitive clay slopes. The capability to reproduce realisticssttairing
characteristics in the material model is necgsfar more accurate numerical analyses of large deformation
problems in such materials. The constitutive models used in previous works for modeling sensitive clay
landslides are summarized below. Their ability to deal with (a) staftening behaviorh| strainrate effects,
and (c) rheological behavior of remolded soil is discussed. For completion;sttegsscurves numerically
predicted by some of the models are compared with B&8 from sensitive clays. In particular, those
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constitutive models that have been used in the literature to reproduce real case scenarios with avaitable stress
strain DSS curves such data are considered for compdfisd, 81] Otherwise, the stresdrain curve of

SaintBarnabéNord[15] is considered for reference.

2.5.1.1Von-Mises based models

The VonMises model is one of the simplest elastoplastic models to simulate the undrained behavior of
clay. The model generally considers associated plastic flow and, at failure, it does not allow for volumetric
strain. It requires only two parameters: th@rained elastic modulus (E) and the undrained shear streggth (s

The Poisson's ratio Wangatsak (20h@ad2016mseadsthisamodel tq snmuldte 5 ) .
retrogressive failure features in sensitive clays together with a-sofigming law Equation2-1), where the
undrained shear strength linearly reduces with deviatoric plastic shearmstydinrf the peak (g) to a residual

value (s) (

Figure2-11a).
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wherer is the plastic deviatoric strain at the onset of the remolded strengtliK @&nthe linear softening

coefficient.

The capacity of this model to reproduce the ststissn curve of SaiABarnabéNord [15] is presented
in Figure 12b. For the determination of the softening modulus, the value of the strain at remolded shear strength
is required. Based on Thakat al.[71], the strain at remolded shear strength is estimated to be 300% for
Norwegian sensitive clays. Assuming the strain at remolded shear strength%396@nd considerin®
X ®@EOAT @ p® E Gbased on the experimental results from Locat §f 3], the valueK varies between

-135 to -52 kPa. It is observed from

Figure 2-11(b) that the linear approximation either overpredicts or underpredicts the actual curve
obtained from laboratory testing. Even though a linear approximation cannot capture-tiieanties of the
softening behavior of sensitive clays, a reasonable ajppationcan be achieved when the areas between the
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stressstrain curves produced by the constitutive model and the actualstirgisscurve compensate (e.g., the

case with remolded strain taken as 100%).
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Figure2-11. (a) Stressstrain behavior in a cohesion softening mdéeal 83](b) comparison betweemodel
[84, 85]andSaintBarnabéNord clay.

A group of researchef82, 86 88] used the same yield criterion with a Horear strength degradation

as a function of plastic shear displaceméigiire2-12) as follows,
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where g is the mobilized undrained shear strength; 1 1 1 with 1 and) being the elastic

and total shear displacements, respectivelyis the value of at which the undrained shear strength is
reduced by 95% ofO O .sristhe degraded strength at a displacemen of after the peak. is the

value ofy remolded shear strengt® ().

The nonlinear part of Equatior2-2 (curve "bcd" inFigure 2-12) is a modified form of the strength

degradation equation proposediBipav and Randolpf23] as follows,
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where displacementslate to the strain gs r Q(t =shear band thickness).

The linearelastic prepeak segment (lineoa" in Figure 2-12) is defined using undrained stiffness
parameters. The peak undrained shear strengjhigsnobilized at pointd' and remains constant up to point

"B for a di gfpoinaocne'dah&he test ofthe durve corresponds to EquaZi@n
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Figure2-12. Stressstrain behavior of sensitive cl§$2]

The comparison between the ppstak stresstrain relationship predicted by Equati®3 and the DSS
stressstrain curve of SainBarnabéNord [15] is presented ifrigure2-13. The comparison has been made in
terms of shear strainstead of displacement. After a calibration process, the most fitting curve is obtained with
r =130%. The predicted curve shows some discrepancies with the DSS data up to 20% strain, but it exactly

matches from 2@6% strain.

It can be concluded that exponential strain softening is better suited than lineasdfieximg laws to
capture the straigsoftening from sensitive clays, but much uncertainty prevails in the accurate estimation of the
parameters like andr . The wrong approximation of these parameters can significantly reduce the accuracy

of the strairsoftening equation for field conditions.
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Figure2-13. Comparison between the exponential stsoftening law with different  to the stresstrain
behavior from DSS test fro®aintBarnabéNord clay.

Wang et al[33, 89]added strairrate effects on the shear strength using Equ&tiénThey considered

the undrained shear streng)(as a function of a shear straoftening factor45 and a strain rate factofg

as
60 O mE 2.4
whereO is the undrained shear strength at a very low strain rate (i.e.;Sjats).

Generally, the dependency of undrained shear strength of clays on applied strain rate has customarily

been characterized in terms of a séogjarithmic relatior{51, 90](Equation2-5) and a power law (Equation

2-6) [23] expressed as,

.o .
O p til& O 2-5
. r .
6O — O 2-6

wherer is the shear strain rate, is the strain rate at a reference shear stre@gth, the coefficient andA
give the proportional change in shear strength for each order of magnitude change in strain rate, which lies in

the range of 0.09.2 and 0.09.1, respectively.
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Again, the behavior of liquified remolded sensitive clays in debris flow can be described with a strain
rate dependent fluid mechanics framework (Her§dhgkley model) relating the yield stresg) fwith strain
rate () based on fluid viscositys] and a shear thinning index (n)[a4],
rom Eisy z
z z 898 AR z
For the sensitive clays, the effect of strain rate on the undrained shear strength would be present in the
solid phase as well as in the liquid phase when it flows like debris. To capture the strain rate effect on strength
in both the phaseghu and Randolplf92] proposed a unified equation that originates from the pdawer

(Equation2-6) butalso incorporates the viscosity and shear thinning index like Her&ilkley model. This

unified equation is termed an "additive power law" model and expressed as,

r .
@) p §r— Op 2-8

Wang et al[33, 89]used equatio-8 in his constitutive model to incorporate strain rate, and the second

function in equatior?-4 is defined as,
]
£ P S — 2-9

By incorporating strain rates, constitutive models can effectively evaluate the impact ofl@tier@ent

strain or creep behavior on both the onset and advancement of failure.

2.5.1.2Tresca-basedmodels

Trescais also an elastoplastic modegry similar tothe Von Misesmodel Its simplicity inspired some
researchers to model sensitive clays by adding st@ftening lawq9, 57, 93, 94]Locat et al[16] modeled
the spread mechanism in sensitive clagsuming a hyperbolic elasticity model up to the peak stress and linear
plasticity in postpeak strain softenind-{gure2-14a). The strairsoftening is linear and defined with a softening

modulus Kas follows,
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S 2-10

where] and) are the shear displacemettpeak and remolded strength, respectively.
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Figure2-14. (a) Shear stresdisplacement relationsh[@6], (b) Comparison of assumed straimftening with
the laboratory test result.

This model has also been applied to study the-pesk behavior of the SainMonique landslide in

Quebec[17], assuming ¢ bandr U v PThe comparison between the linear approximation and the
measured stresstrain curve is presented ligure2-14b. It is evident that linear approximations significantly

deviate from the actual stresgain curves.

Zhang et al[57] investigated the initiation and propagation of a fully softened shear zone in submarine
sensitive clay landslides with both linear (Equatehl) and nonrlinear (Equatior?-12) strainsoftening laws.

The latestEquation2-12) is based oiEinav and Randolpf23] (Figure2-15).

They compared the critical length of the softened zone predicted by the numerical model with the
analytical evaluation and concluded that linear degradation overestimates the length of the shear band by 10

15% more than nclinear degradation. The softegirquations are as follows,

6 6 o o0 — 2-11

2-12
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whereO is the degraded undrained she@engthat displacement incrementafter reaching the peak, anek

is the plastic strainincrementrequiredto reduce thestrengthby 95% of O O from the peak strength
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Figure2-15. Stressstrain behavior with exponential strasoftening[57]

Shan et al[95] added strairrate effects and depthise variation on shear strength to Equaflehl as
L . L r
wherel is the power index (usually varies from 0.4 to 0.6 for Canadian sensitive clay),isutide viscosity
coefficient ¢ 181 ¢ @P ). The depthwise variation of peak strength was defined as follows:

6 o) ci E vl
6 AE v E i 214

whereE is the soil depthQ is the undrained shear strength in the first clay lage2m-5m), and A' is the

strength gradient along the defiin the second clay layeE&5m).
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Tr an and [98 p®msedakmodified version of the elastoplastic Tresca model with a non

associated flow rule for modeling the progressive failure behavior of sensitive clays and used it to simulate the
SainteMonique landslide. They added features to the model for replicatiniettiesoil behavior, including
strainrate effects, the effect of water content, and soil depth on the shear stiEmgthonlinear strain

softening law describes the strength degradation as follows,

o r P o . C o
, r r 2-15
O O - 3 P 3 A x EAT ¢

wherer is the accumulated elastic strain. The reference undrained shear strength depends on the water

content &) and depthK) as:
O, xME  Ax O0r YOE E 2-16

where A is the undrained shear strengthxat 100% at a reference strain rate (), x (%) is the water

content andd is the model parameted, ;, is the reference undrained shear strength at the reference depth
E , andYO is the increase of strength per unit depth after the reference déatistresstrain prediction of

this model is compared with laboratory DSS test result (SMiot@que landslide), which shows that this model
is better suited compared to previous linear models discussed above in terms of capturinginieamsiness

strain behavior of sensitive clayBigure2-16).

Jin et al[97] simulated retrogressive failure in sensitive clays with a cohesion softewidegl which is
comparable to the Tresca softening model where the peak and residual cohesidrgare equivalent to the

peak and remolded undrained shear strengthsgndO ) of sensitive clays. The softening is defined as,
O 6 O 0 A 2-17

wheres is the shape factor that controls the rate of strength deciidesgevaluated mesh dependency

and the effect of the shape facgoon postfailure behavior of the landslides. It can be sedfiguire2-17 that,
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the softening curve is significantly dependent on the value of the shape fctbo( the case of Sainte

Monique landslides ¢ is more representative of the field behavior.
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Figure2-16. Comparison of stresstrain behavior of DSS test result with the numerical model of Tran and

Solwoski[96].
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Figure2-17. Comparison between DSS test results vs. ssgagbehaviorof Jin et al[97] with differents

values

2.5.1.3Bingham-Tresca based models

The constitutive models described above are common in the study of soil mechanics, and most of them
do not directly consider the rheological properties of the clay, which may affect the prediction of runout
distances in retrogressive flow slidés.the field of fluid mechanics, the Bingham plastic model is a common
constitutive law that considers ndtewtonian rheology to predict the flow behavior using its yield stzgs (
and plastic viscositys(. As shown inFigure2-18, the fluid starts to flow after reaching its yield stress, thed
yield stress increases linearly with the shear. ¢eeral rheological models have been used for simulating the
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debris flow of sensitive clays, including the HerséBeilkley model[98i 100]. The Bingham model is a
limiting case of HercheBulkley rheology. It should be noted that these models only consider the liquid flow

of the sensitive clays and do not capture the transition from solid to a liquid phase.

Shear

stress \ Slope =plastic viscosity (1)

e

Yield
stress

Shear strain rate y
Figure2-18. Bingham plastic model
With the idea of capturing the transition from solid to liquid behavior of sensitiveztiayg et a[101]
came up with an elastoviscoplastic model that combines an elastoplastic model with a viscous model using the
concept of straibased transition initially proposed Brime et al[102]. In particular, they combined the
Bingham model and the Tresca model with linear strain softdiihg81, 101] Total strain rater() for the
elastoviscoplastic material is defined as the summation of an elastic strain yaad a visceplastic strain

rate ¢ ).

rr r 2-18

The strain is purely elastic when the stress state is below the Tresca yield surface, whereas viscoplastic
strain starts to develop when the stress state crosses the yield sBtfaesoftening is incorporated by

reducing the undrained shear stren@tlusing a bilinear function (similar to

Figure 2-11a) of the equivalent deviatoric plastic strain. In this case, the softening mdditis

function of the viscoplastic strain ().

The classical Bingham model is utilized to describe the rheological behavior of sensitive clays, and the

total stress is defined as,
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where U is the stress | ying ogrsthe hissosity coefficierds ang of t h
R is the viscoplastic strain. When the viscosity is zero, the model reduces to the classic Tresca model. This
model is comparable to the straBtebased models, where the stragéte dependency of liquified debris is
derived from thdHerschel Bulkley model (Equation-B). Zhang et al[81] used this constitutive soil model to
simulate the Sairlude landslide (2010) and showed that ignoring rheological properties overestimates the
runout distance. However, the linear straoftening is not representative of the actual ststrssn behavior

(Figure2-19).
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Figure2-19. Comparison between DSS tessults vs. stresstrainbehaviorof Zhang et al[81].

2.5.2Numerical frameworks for modeling landslides in sensitive clays

Numerical analysis has two prominent approaches, i.e. continuum mechanics and discrete mechanics. In
continuum analysis, each particle within a material is not treated explicitly, and the material is modeled as a
continuous entity; the change in the prdigesrof the geomaterial under loading conditions is represented by a
constitutive model. On the other hand, discontinuum methods model the geomaterial as a collection of distinct
particles which may or may not represent a real particle arrangement, gratttbles interact through their
contacts with other particles and boundaridgimerical analysis for large deformation problems in

geomechanics has been a prominent issue in recent times. Both continuum and discontinuum numerical
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frameworks for modeling geomaterials, particularly for large deformation problems, have been summarized by
Augarde et al[103]. Before that,Soga et al[104] and Wang et al.[105] compared the advantages and
disadvantages of existing numerical frameworks used in slope stability analysis and other geotechnical
problems, respectively. In the following section, large deformation numerical frameworks that have particularly
been used ithe analysis of landslides with strasnftening materials or sensitive clays will be discussed, which

are mainly different formulations in continuum approaches.

2.5.2.1 Updated Lagrangian Finite Element Method

The most popular approach used in geotechnics is the standard finite element method (FEM) with classic
Lagrangian formulation (known as the total Lagrangian, TL). The TL is a continuum method that uses the
undeformed initial geometry as its frame of refexe for computing the static and kinematic variables as well
as formulating the discrete equations. In the cases where deformations are substantial with respect to the initial
geometry, this formulation suffers from mesh distortion and produces inacoesatks. The updated
Lagrangian (UL) formulation is an upgraded version of the classic lagrangian formulation to solve the mesh
distortion problem for its implementation in large deformation prob[@®8]. In UL formulation, the variables
are computed, and equations are formulated for the deformed state in the previous calculation step. Therefore,
the positions of the nodes are updated based on the displacement calculated in the last increment. The UL
framework is available in some commercial FEM software, making it flexible to work with. The limitation of
this method is that when very large deformation is encountered, elements become too distorted. This distortion
reduces the accuracy of the results am@ies computational instabilities that make the calculation impossible
[103]. Mohammadi and TaiebR1] have used the UL FEM formulation to simulate progressive failure in
strainsoftening soil slopes. In their model, mesh distortion was encountered for higher sensitivity (RF=1/S

as shown irFigure2-20.

RF=05

Figure2-20. The deformed FEM mesh for different RF values with (dfter[21])



2.5.2.2Arbitrary Lagrangian -Eulerian (ALE) Methods

ALE is the upgraded version of UL, which offers a solution to the mesh distortion by substituting the
distorted mesh with a new mesh-(reshing). This requires the transfer of state variables@gping), which
might reduce the accuracy of the solutiohen these are histodependent. This method is referred to as
arbitrary LagrangiaiEulerian because the process of material state transformation from the old mesh to the
new one is similar to that of the Eulerian description. Severalaghing and rnapping methods have
produced several branches of the ALE formulation. ThenRshing and Interpolation Technique combined
with Small Strain (RITSS) approach is a widely populameshing technique. The RITSS approach addresses
large strain problems by diviity them into smaller Lagrangian strain incremda@7]. At the end of each
increment, the deformed body ismeeshed with new undistorted elements. To ensure an accurate transfer of
information, solution variables such as stresses, deformations, velocities, nodal pore pressures, etc., are then
interpolated fom the old mesh to the new mg4088]. The RITSS process can be broken down into four main
steps, which include the generation of an initial mesh, conducting an incremental step of the Lagrangian
analysis, updating boundaries andmweshing, and mapping stresses and material propertiestfeoofct to the
new mesh. These steps are repeated until the entire large deformation analysis is completed using a standard
Lagrangian finite element packa§E09]. This process, thus, overcomes mesh distortion and allows for the
modeling of various geotechnical problems, including those with fully drained, undrained, or intermediate
drainage conditions. It's important to note that the accuracy and success afdbgs mlepend on the choice of
interpolation scheme and mesh density. The RITSS approach can be flexibly used in any FEM code but is
computationally very expensiv&hang et al[57] used the RITSS approach to simulate the initiation and
propagation of a shear band in a fully softened weak Ziraang et al[110] simulated a landslide in submarine
sensitive clays with the same framewdskan et al[95] simulated the Saintdlonique landslide in Quebec
in 1994 with RITSS and successfully simulated the features of the retrogressive failure. The final runout and

the postfailure profile were found to be close to the field conditions.

One of the most popular versions of ALE is the Coupled Euléréagnangian (CEL) method, also known
as multimaterial ALE. This method utilizes the advantages of both the Lagrangian and Eulerian approaches

[111]. This method has two different domains for material description. One is the classic Eulerian, and the other
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is the updated Lagrangian. Stiffer materials are described with the Lagrangian domain. When stresses are
applied on these stiffer materials, it causes the softer materials in the vicinity to experience large deformation.
The Eulerian description allows e softer materials to deform freely. The two domains interact with each
other through some contact algorithms. The CEL approach is also available in commercial software like
ABACUS. Dey et al[32, 86, 87, 112lised this framework to model progressive failures leading to spreads in
submarine sensitive clay slopédam et al. (20190ised this framework to model retrogressive failure initiated

by earthquake load$Vang et al[33, 89] modeled retrogressive failures resulting from erosion with some
practical applications using this method. The authors adapted the techniques to reduce the mesh dependency of

the models.

2.5.2.3Particle Finite Element Method (PFEM) and Smoothed Particle Finite Element Method
(SPFEM)

The Particle Finite Element Method (PFEM) is also an approach mainly developed to overcome the mesh
distortion suffered by FEM. In this method, the mesh nodes are regarded as particles that can freely move even
beyond the initial computational domain. Tparticles carry all information. The boundary of the domain is
marked by connecting the outermost particles, and each internal particle is connected through the Delaunay
triangulation technique. After the mesh is established, the governing equationsvack & it is in a
conventional FEM simulation. The updated positions of the mesh nodes are used to form a new cloud of

particles, and the process repeé&igre2-21).
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Figure2-21. Steps for the PFEM modeling of a landslide.
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The main advantage of this method is that it shows convergence befegéatiess of a large change
in the state variables from the previous calculation step to the current step, which is very useful for modeling
history-dependent materials like sensitive clay landslidlesng et al[101, 113] Zhang et al[81] utilized this
framework to simulate the Saidtide landslide in Quebec, Canada. It has been able to reproduce the failure
mode and the progressive failure process of the Gauhe landslide and correctly estimated its final runout
distance, retrogressiatistance, and failure surface. The infinitesimal strain assumption in this method is likely
to result in several errors, including excess strain for rigid body mcafizeng et al[101] reported that the
error is limited to 1% for a converged solution. Contact between-solid and solidiquid is complex in this
method. Frequent smeshing in large deformation problems requires extreme precision in transferring-history

dependent infanation from the old mesh to the new one to maintain the accuracy of the calcii@8bn

The Smoothed Particle Finite Element Method (SPFEM) is an improved form of PFEM where the
equilibrium of the governing equations is established at the nodes instead of the Gaussian points with the help
of strainsmoothingcells covering each node. This reduces the error -imapping the historgdependent
variables. This method is more accurate and computationally flexible than RABEMWith this framework,

Yuan et al[93] simulated retrogressive failure in sensitive claisis simulation used the simplest form of the
strainsoftening Tresca model. Therefore, the applicability of this framework with a more sophisticated

constitutive model with rate effects and Horear softening is yet to be studied.

2.5.2.4Material point method (MPM)

MPM is a combination of particlbased and mediased methods. The computational domain is
discretized with a number of particles (i.e. material points) and a fixed background mesh. The material points
are described in the Lagrangian formulation. Each ria{goint represents a part of the computational domain
and moves through the fixed background mesh. All the physical properties of the continuum are carried by the
material points. The background mesh is described in Eulerian formulation. The stdikesaria transferred
from the material points to the mesh nodes in each computationaFgiape@-22), and the balance equations
are solved at the nodes of the Eulerian mesh. Updated properties are mapped back to the material points, and
the calculation proceeds to the next step. The background mesh must contain the problem domain geometry,

and the matéal deformation is carried by the material points. Thus, the mesh remains undistorted throughout
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the calculation, and mesh distortion is completely avoided. Some numerical difficulties of MPM are cell
crossing instability, generation of nonphysical stiffness, and the mapping from material points to nodes and

back.

[ﬂ}_[

Figure2-22(a-d). MPM Computational cycl§l15]

The full process of retrogressive failure of sensitive clay triggered by erosion has been simulated using
MPM frameworkby Wang et al[84] and Tran and Solwosk®6]. The simulations well captured the features

of a retrogressive landslide.

2.6 CONTRIBUTION OF NUMERICAL ANALYSIS TO UNDERSTAND THE CONTROL

PARAMETERS OF SENSITIVE CLAY LANDSLIDES

Various combinations of the constitutive models and numerical frameworks described in the previous
section have been implemented to model different landslides in sensitive clays. Some of these works explore
the failure mechanisms in detail and provide riesights. Numerical simulations also help understand which
geometrical and material parameters control the occurrence andaipo® behavior of sensitive clay
landslides. The following section focuses on how the numerical results aided in understaadini¢jcal

factors for sensitive clay landslides.
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2.6.1Effect of the geometry of the slope on the occurrence and pefstilure behavior

Several numerical studies have evaluated how the geometrical variations of the soil layer or the slope
change the failure pattern, retrogression, and runout distances. In particular, the effect of the thickness of the
sensitive clay layer, height and widihthe slope, slope angle, and inclination of the soil layer are some aspects

that have been assessed.

Dey et al.[116] showed that a minimum thickness of the sensitive clay layer is required to initiate
retrogressive/progressive failurerhile Zhang et al[81] concluded thatin increase in the thickness of the

sensitive clay layer (), keeping the crust thickness constant, increases retrogression distdditionally,

an increase in g changes the failure pattern from spread to flow qi#e 88] Studies show that for a fixed

slope height, an increase in slope width increases the retrogression and runout up to an optimum value. After
this point, further width increase results in no significant change infaibste behavior; that is, slope width

has an optimum value for the occurrence of large retrogressive fERIteThe frictional coefficient of the

base layer also controls the retrogression. It is observed that the larger the basal friction, the less susceptible to
retrogressive failurg84, 93] The sbpe angle controls the failure mechanism and-faikire behavior to a

great extent. For a varying slope ang ¢f a horizontal soil layerRigure 2-23a), steeper slopes are more
susceptible to larger retrogressive fail{té, 86 88]. Jin et al.[97] showed that higherd value reduces the

time to reach failure for sensitive clay slopes. For a varying inclination of the claydlayih the horizontal
(Figure2-23b), a highed thanges the slide movement from rotational to translational and produces a higher
number of secondary slip planes with smaller failure bl¢88% Islam et al[88] further demonstrated with a
varying upslope inclinationd(} (Figure2-23c) that flow slide occurs for low and high valuegiafii contrast,

the failure pattern for intermediadkeis SpreadOverall, these numerical results align with the literature treat t

susceptibility and extent of progressive failure are high on steep $logs

eu

(a) (b) (c)
Figure2-23. Different types of slope inclination
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2.6.2Effect of material properties on theoccurrence and postfailure behavior

The effect of different material parameters on the initiation and the extent (retrogression and runout
distance) of the sensitive clay landslides has been assessed in light of different numerical sinidétiens.
al. [32] showed that progressive failure would not occur for very low sensitivity 3% spread occurs with
medium sensitivity (S§5-7), and the failure pattern changes to a flow slide with higher sensitivilyl(® ) .
Moreover, they found that decrease in the shear strength of the crust changes the failure pattern from spread to
flow slides. In contrastlslam et al.[88] illustrated that the failure pattern changes from a flow slide to a
combined spread and flow slide type with increased sensitivity. Even thougbBép#t al.[32] andislam et
al. [88] used the same softening constitutive model and numerical framework, the differences in their
conclusions might be due to the different triggering factors considered in their analysis, i.e., toe[&2psion
and earthquakéslam et al.[88]. In any case, both works coincide in that higher sensitivity caused higher
retrogression and runout distancEbang et al[11] illustrated that in addition to the increased retrogression
and runout, it takes a longer time for the sliding front to stop entirely with increased sensiiatyet al[93]
added that the failed soil mass would reach a longer runout distance with higher sensitivity, owing to a smaller

dissipation of potential energy for remolding, leading to higher kinetic energy.

Tran and Solwoski9] showed that large retrogressive landslides are also dependent on low remolded
strength @ < 2kPa) with high sensitivity ($25). Several researchedemonstrated that the retrogression
distance is significantly controlled by the remolded shear strength. Increased remolded &trgkgtping
all other material and geometrical parameters fixed) reduces the retrogression distance, and a further increase
in O completely stops the retrogress[@n16, 83, 88]Likewise, when the remolded strength approaches zero,
there is a sharp increase in retrogression and ryfajtlt can also be said thhatghly brittle soils are more
susceptible to progressive failure. Brittleness of soil is generally quantified byitttenbssndex (g) defined

asBishop[118]

) _ 2-20
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If retrogressive failure initiates, increased brittleness of the soil changes the failure type from spread to
flow slide [33]. Displacement at remolded shear strength &lso controls the posailure behavio[32, 88]
Dey et al[119] reported that an increasejofchanges the failure pattern from spread to flow slidereased
1 results in an increase in remolding energy (area under the-strasscurve up to remolded shear strength
and strain) as well as a decrease in softening modulus. Simulation results show that increased remolding energy
decreases the retrogress[88] and increased softening modulus increases the retrogrés6id8} that is, a

highery will result in lower retrogressiof86].

Wang et al. [33assessed the effect of stability numbeg) @h the occurrence of retrogressive failure
and suggested that retrogressive failure doesn't occug f8.8lbut occurs for N=4.9 and 6.8. They concluded
that sites characterized by a low stability number are less prone to large retrogression than sites with a high
stability number. Earth pressure at res(ldlso affects the extent of retrogression. Slopes with higherd

susceptible to large progressive spreads rather than flow Eligle33]

The viscosity of remolded clay also affects the gastire behavior. A increase in viscosity leads to a
decrease in both the runout distance and the retrogression distance of a retrogressive failure because highly
viscous fluid would consume more energy to fl@8, 101, 113]Zhang et al[113] reported that the effect of
viscosity is more significant for the soils with higher sensitivity and low remolded strength. Their simulation
demonstrated that the unaccounted viscosity overestimates the runout distance by 35% and the retrogression
distanceby 20%. Mobility of the liquified debris also affects the failure mechanism. If the liquified debris
moves out of the crater easily once the retrogression has started, a flow slide is more likely to occur; on the

contrary, if the liquified debris has slewmovement, the failure may result in spr{agj.

Tran and SolwasKP6] demonstrated that overlooking the impact of strain rate on shear strength may
overestimate the retrogression distance. Wang €@l provided further clarity on this topic, explaining the
effect of strain rate during failure with respect to the reference strain rate in the constitutive model. They
concluded if the strain rate at the time of failure exceeds the reference straimmatepiterestimate the pest
failure movement. Conversely, if the strain rate is lower than the reference strain rate, it may underestimate of

the final retrogression and runout distance.
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Wang et al[82] illustrated the effect of spatial variability of undrained peak and remolded shear strength
on the retrogression distance and showed that spatial variability alters the distance of retrogression. He
concluded that heterogeneity significantly affects thiation and failure mechanism, and a deterministic

analysis may result in erroneous outcomes.

2.6.3Effect of field conditions on the occurrence and posfailure behavior

The impact of field conditions on landslides is not straightforward and is often very complex. Landslides
will respond to the combined effect of several hydrological and hydrogeological parafh2@rg herefore,
establishing a direct correlation between specific parameters and landslide occurrence is challenging and
difficult to incorporate into the numerical analysis. Hence, studies on this issue are scarce and highlight the
need for more researciang et al[121] simulated the steadstate seepage condition with his strain +ate
dependent strain softening constitutive soil moé&gu@ation2-4). Pore water pressure and seepage forces are
calculated using a thermhydraulic analogy to model the-gitu stress condition for retrogressive failure in
sensitive clay slopes. They concluded that seepage significantly influences landslide triggelesvated
artesian pore pressure close to the slope's toe may initiate substantial failure. A rise in the earth pressure
coefficient, coupled with an increase in shear strength, can alter the failure pattern from flow slide to spread

and thus affect the tgression distance.

2.7FINAL DISCUSSION

In this study, the distinct characteristics of sensitive clay landslides and the advancement for modeling
those landslides have been discussed in detail, focusing on the landslide types, constitutive models, numerical
frameworks, and critical factors coalling landslides mechanism. It is observed that, the unique mechanism
of sensitive clay landslides, i.e, its progressive or retrogressive nature is completely attributed to the strain
softening nature of the soil. Whether the failure advances as suecessitional flowslide or a translational
movement resulting in spread or a combination of both, it is always a result of the movement of the liquified
clay. Therefore,ite most essential component for the modeling of sensitive clay slopes is the constitutive soil
model,which reproduces realistic stragoftening characteristics for accurately capturing the complex landslide

mechanism in sensitive clay$hough several numerical frameworks are geited to capture the large
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deformation associated with retrogressive failure, the constitutive models need much improvement to represent

the accurate pogailure behavior of sensitive clays. The different numerical models concerning sensitive clay

landslides have been compiledTiable2-1. The table presents a list of literatures on the numerical modeling

of sensitive clay landslides with the constitutive model and numerical framework used, the type of landslide

that has been modeled, and the outcomes of each study to give a genelalitiézeaecent advancement and

challenges in simulating landslides in sensitive clays.

Based on the review of the existing works on the numerical modeling of sensitive clay landslides, some

areas that require further study are noted below.

il

|l

The most advanced constitutive model discussed in setfohis by Wang et al[33] which
considered the strain rate effects, including the rheological property of scilinean strength
degradation, and variation of effective stress with depth. The accuracy of this model vastly
depends on the larggeformation parameter, displaceman®5% strength degradatipn . A
physical method to determine this parameter on the field or laboratory scale is required.
Constitutive models used in the literature to account for sensitive clay behavior are formulated
in a total stress framework which is more relevant to accounting for undrained shear strength
behavior. The development of advanced effeesitressbased cortgutive models is essential

to evaluate in a unified coupled hydmechanical numerical framework loterm triggering
factors with shorterm rapid postailure runouts without the need to predefine the change in
calculation mode from drained to undrairenalysis.

Most of the research has been focused on landslides initiated by toe erosion, whereas research
simulation related to seismic loading and other triggering factors is scanty. The influence of
different field and weather conditions on failure initiation ara$tfailure behavior is still
largely unknown and warrants further studies.

All the numerical studies of sensitive clay landslides have been done irgtlaimeconditions.

Still, in reality, spatial variability in soil parameters could affect the failure mechanism to a

great extentFurther investigation of 3D effects is required.
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1 There is scope for implementing advanced constitutive models and geometries in large
deformation numerical frameworks. These tools need to be further exploited in sensitive clay
landslides. For instance, constitutive models with thehydro-mechanical fanulations can
assess the thermal effects on the creep behavior of sensitivdi2a@ysnd the mobility of
retrogressive rock failurg423]. It is essential to evaluate whether these models also apply to
sensitive clay landslides.

1 Alimited amount of work has been performed to evaluate the effect of geometrical and material
parameters for the prediction of different types of retrogressive/progressive failures in sensitive
clays. Further understanding of the critical paramégeessential for landslide prediction and

risk assessment of such events.

2.8CONCLUSION

This study presents an elaborate review of failure mechanisms, constitutive soil models, and numerical
frameworks for the simulation of sensitive clay landslides. Additionally, the results from numerical studies have
been compiled in a summary table. Isheeen found that modeling landslides with sensitive clays is extremely
challenging, mainly due to the distinctive soil behavior. Therefore, the constitutive model is one of the most
important issues when simulating these landslides. Strain localizadionation of the shear band, failure
initiation, and landslide mechanism vastly depend on the sttesia relationship of the soil. The inclusion of
a wellfit complete stresstrain curve up to the point of remolding is essential for modeling sensitiye ¢
landslides. Furthermore, precise estimation of runout distance is not possible without considering the
rheological behavior of sensitive clays after remolding. Another challenging factor is its progressive nature
which requires stability analysis intiwodrained (failure initiation) and undrained conditions (during progressive
failure) in a single simulation. Moreover, the large deformation associated with the progressive failure requires
a numerical framework that captures large deformation withouterigat instability and computational

inaccuracy.
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Table2-1: Summary of recent studies for numerical modeling of sensitivdahaglides

Name of the Constitutive model Numerical Type of Triggerin | Contribution on prediction of landslides Limitations
researcher with strain softening framework for sensitive clay| g factor
Large deformation | landslide
1. Locatetal[16] | NGI-ANISOFT BIFURC Spread Erosion 1 Steeper slopes with highoKslope with low stiffness, low | 1 Linear strairsoftening
constitutive soil model
with linear strain remolded shear strength, high rate of stsoftening are more i Strain rate effect and depthise variation of shear
softening : . .
susceptible to large progressiadure strength not considered
1 Spread occurs in highly ovweonsolidated clays 1 Rheological property of remolded clay not considere
1 Homogeneous slope
1 No demonstration for dislocation of soil mass or
formation of horst and grabens
2. Deyetal[119] Von-mises with Coupled Eulerian | Spread Erosion i Illustration for the formation of horst and grabens i Strain rate effect and depttise variation of shear
exponential strain Lagrangian
softening 1 Steeper slope, higher sensitivity, lower are more likely | strength not considered
to cause large progressive failure i Rheological property of remolded clay not considere
i Increase in , S, Hsy, and decrease i@ of the crust
changes the failure pattern from spread to flow slide
3. Deyetal[116, Combined Erosion + | Instantaneous velocity and surcharge load accelerate tf
surcharge
124] load propagation of the shear band, cauginggressive failure
4. Wang et al[84, | Von-mises with linear | Implicit & Random | Retrogressive| Gravity i Failure surface forms in the weakest soil layer 1 Linear strainsoftening
strainsoftening material point load
89] method 1 Shear band propagation is governed by residual streng] 1 Strain rate effect and depthisevariation of shear
1 For S=5 the failure is translational forming horst and strength not considered
grabens i Rheological property of remolded clay not considere
i Spatial variability alters landslide initiation and i Homogenous slope
propagation q No clarification on the failure mechanism concerning
failure type
5. Zhang et a[11], | BinghamTresca with | Particle finite Flow slide Erosion 1 lllustration for the multiple rotational slides 1 Linear strairsoftening
linear strainrsoftening | element method
Zhang et al[81, 1 Ignoring the viscosity of the remolded clay oestimates | Depthwise variation of shear strength not considere
101] the retrogression and runout. i Homogeneous slope

1 Minimum sensitivity is required to initiate flow slide




Name of the Constitutive model Numerical Type of Triggerin | Contribution on prediction of landslides Limitations
researcher with strain softening | framework for sensitive clay| g factor
Large deformation | landslide
1 Higher sensitivity increases the retrogression and runot
1 Effect of viscosity is higher for highly sensitive clays
i Flow slides can result in horst and grabens
6. Tranand Tresca with Material point Spread Erosion i Sensitive clay slope withe&®5 andz <2kPa are i Rheological property of remolded clay not considerg
. exponential strain method
Solowski[96] softening with strain susceptible to large progressive failure
rate effect . . : .
1 Strain rate has significant impact on the propagation of
progressive failure
7. Islam et al[88] Tresca with Coupled Eulerian | Flow slide Seismic | Steeper anihclined slopes have increased retrogression 1 Strain rate effect and depthise variation of shear
exponential strain Lagrangian loading
softening and runout strength not considered
1 Upslope surcharge load increases retrogression and ru| Rheological property of remolded clay not considerg
1 Increased thickness of highly sensitive clay changes th¢ | Assumption of static stressrain behavior of soil unde
failure pattern from spread to flow slide dynamic loading
i Increased remolding energy decreases retrogression
T A combination of rotational flow slide and translational
spread can be possible in a large retrogressive failure
8. Wang et al[10, | Tresca with Coupled Eulerian | Flow slide Erosion i The occurrence of flow slide or spredepends on the i No conclusive relationship between remolding energ
exponential strain Lagrangian and Spread
89] softening and rate movement of liquified debris, brittleness of soil, lateral earth and retrogression
effect _ . . _ :
pressure 1 Increasing stability number did not result in increasir
i Lower strain rate increases the mobility of the debris retrogression
leading to a large flow slide i Some estimated o NnPput dpa
constitutive model had high uncertainty
9. Zhang et al. Strainsoftening Tresca Smoothed particle | Retrogressive| Erosion i Suitability of SPFM for retrogressive failure 1 Linear strainsoftening
Model finite element failure
[114], Yuan[93] method (SPFEM) 1 Increased softening modulus increases retrogression ai Strain rate effect on shear strength not considered
runout 1 Rheological property of remolded clay not considerg
i Homogenous slope
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Name of the Constitutive model Numerical Type of Triggerin | Contribution on prediction of landslides Limitations
researcher with strain softening | framework for sensitive clay| g factor
Large deformation | landslide
10. Shan et al[95] Elastoviscoplastic Re-meshing and Retrogressive| Decreasin| Increased Sdecreased , decreased viscosity of the i Linear strainsoftening
model interpolation failure g shear
technique with leading to strength | remolded clay and increased riverbed width increases the 1 Homogenous slope
small strain spread of soil ; :
(RITSS) retrogression
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CHAPTER 3

Article 2: Prediction of postpeak stressstrain behavior for sensitive clays
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3.1ABSTRACT

Unlike typical soils, sensitive clays undergo extensive-pesk strength degradation with increasing
strain and finally disintegrate into a remolded liquid state. Realization ofppast stresstrain behavior of
sensitive clay up to large strains isabiin assessing large deformation problems such as landslides and mud
flows. The conventional experimental approaches are uncertain about accurately determiningpbakpost
stress curve up to large strains (>100%) owing to rapidly increasing testhigmeoat increasing strains. This
necessitates the exploration of an alternative scientific approach to predict the complettratressrve for
sensitive clays, which is addressed in this paper - stresstrain curves of sensitive clays forffdrent
sites are obtained by converting remolding index vs. strain energy curves. Usspgsific data from eastern
Canada sites, a mathematical expression is proposed to predict the completgratressrve. Subsequently,
an equation is developéar predicting remolding energy based on the stetssn curve. Finally, it is observed
that the pospeak stresstrain behavior is highly sitepecific and can be mathematically expressed with a
combination of exponential and linear straimftening crves. Overall, the knowledge of the complete stress

strain behavior contributes greatly to the prediction of-faikire movements closer to reality.

Key Words: Strainsoftening, Stresstrain behavior, Sensitive clays, Large deformation, Remoulding energy,

Retrogression distance

3.2INTRODUCTION

3.2.1General background

The postfailure behavioiof sensitive clays is attributed to the reduction in strength after reaching peak
strength under shear loading, which is also known as strain soffdhirfgensitive clays generally have high
intact shear strength, but the shear strength reduces to a significantly low value (remolded shear strength) when
subjected to disturbance in undrained condifit8) 38] The strength reduction reaches a point where the clay
completely loses its intact structure and disintegrates to adiifpgigdnass (remolded clay) that can fl§gy 28].
Thus, the soil is referred to as "sensitive" because itsgmait strength is sensitive to disturbance. The

sensitivity @) of soil is quantified by the ratio between the peak)and remolded® ) shear strengtf25].
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In analyzing landslides in sensitive clays, understanding how material sensitivity controls soil behavior is of
utmost importance. Once the failure starts in sensitive clay slopes, the clay layer gets remolded and keeps
moving away from its original posith. The drag of this liquified soil results in subsequent failures (progressive

or retrogressive) until the flow of this liquified clay stops or is unable to initiate another faitwsg, the extent

of the failure of sensitive clay slopes is enormousman®ed to slope failure in nesensitive soil. For example,

the recently occurred Gjerdrum landslide (2020) in the highly sensitive clays of Norway spanneebfi flow

area of 210,000 frand additionally affected 90,000ty debris flow{3].

The devastating aftermath of landslides in sensitive clays intrigued researchers to extensively investigate
the behavior of these materials that leads to the initiation and progress of extremely large landslides under
different loading conditions. Due tdrain-softening behavior, the mobilized strength along a potential failure
surface varies from the peak to the remolded shear strength, unlike a constant value used in limit equilibrium
(LE) methodq16, 38, 58, 118, 125]Therefore, analysis of sensitive clay slopes requires peak shear strength
and detailed information about the straimftening behavior, which fundamentally cannot be incorporated into
conventional LE analysifl26]. Recent studies suggest that the stability analysis of sensitive clay slopes
requires advanced numerical modeling tools to capture the retrogressive nature of these IfhtsEAe88,

96, 127] Numerical modeling of sensitive clay slopes offers valuable insights into failure mechanisms-and post
failure runout, which are crucial for landslide hazard mapping in such areas. The constitutive soil model, which
represents the strestrain behavior bthe soil, is the most critical component for modeling sensitive clay
slopes.The capability to reproduce realistic straioftening characteristics in the material model is necessary

for more accurate numerical analyses of large deformation problemshnnsaterial48]. Additionally, for
retrogressive failure to occur, the soil must be capable of being wholly remolded and flowing out of the crater
[44,70,74,799 The energy required for the remolding proc
quantified from the area under the ppstk stresstrain curve with the principle of fracture mecharjis,

128]. If the available potential energy of the slope is greater than the remolding energy of the clays, the slope
is then considered susceptible to retrogressive fduidrel29] Hence , it is possible to evaluate the likelihood

of a location being prone to retrogressive landslides by usingppagtstresstrain behavior up to the point of

remolding.
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3.2.2Relevant works on large deformation behavior of sensitive clays

Ideally, the strain value required to reach the remolded shear stress is extremelstiargeand
Contrerag12] suggested that a completely remolded state may occur when the specimen is sheared to several
hundred millimeters, corresponding to several hundred percent of the shear strain in soil specimens subjected
to conventional laboratory tests. Strssisin cures obtained from triaxial compression tests are limited to only
10-20% strain13]. Generally, ring shear tests, reversal shear box tests, or direct simple shear tests are used to
study the large deformation behavior, but these laboraitale shear tests could only achieve strains up to
30%45% [14i 18]. Thakur et al][19] examined the stresdrain behavior of sensitive clays using field vane
shear testing. However, the residual torque at 90e r
manual turns due to factors associated with the drainage in theefaibne around the var20]. Thus,
predicting pospeak stresstrain behavior is one of the major challenges in analyzing sensitive clay landslides

where large deformation is involved.

Stressst rain data close to the remol ded stat4d] of sen
work. They determined the strain energy required to remold the clay with four innovative test methods,
including impact on a rigid surface, impact from falling objects, extrusion through a narrowing tube, and
shearing through oscillating simple shear large shear box. They considered the reduction of shear strength
from its peak strength to the remolded strength as 100% remolding. They defined a parameter called the
remolding index, which represents the amount of strength reduction as a percentageodéltstrength

reduction from the peak to the remolded state as follows,

@) o

5 6 pmmp 31

whereO , 0, andO are the undrained shear strength at the peak, at any point after the peak, and at the

remolded state. Additionally, the normalized strain enexgy) corresponding to a particularis defined as

4
x ¥ pmmhb 3-2
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where7 is the energy per unit volume (ki/m?) to reduce the strength fro® to O andx s the energy

per unit volume (KNm/m?) required to reach the peak strength, i.e. the limit state energy. As per Tavenas et al.

[130], the energy needed to reach the peak stress (limit state energy) for Champlain Sea clay can be expressed

as,

x T8t pfoDz 3-3

whereA [xzthe preconsolidation pressure.

Finally, they generated the remolding indgy ¢s. normalized strain energy () curves for different
locations of eastern Canadian sensitive clays. The soil properties andighve curves of Tavenas et al.'s
[44] work are presented ihable3-1 andFigure3-1, respectively. Quinn et g¥5] converted those remolding

index vs. strairenergy curves to streslisplacement curve§igure3-2).

As per the authoroés knowl edge, t -boétening eboehgviorfof r s t
sensitive clay for measuring the resistance of soil around a cone penetrometer was projitisad agd

Randolph23] as follows,

0O 6 o oA 3-4

whereO is the peak shear strengf,is the degraded shear strength after the p@aks the remolded shear
strengthy is the strain corresponding @, andr is the strain when the strength is reduced by 95% of the
supposed total reductiorQ( O ). Dey et al.[124] calibrated Equatio8-4 usi ng Qui[d5 et
interpreted curvesH{gure3-2) for its application in the landslide analysis of sensitive marine clay. However,
the authors acknowledged the uncertainty in evaluating the large deformation paramétesé¢d in the

softening equation.
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Remolding Index ¢)

Table3-1. Soil properties of each location of Tavenas et @43 work

Sample| Peak shear| Remolded shea I
. < . Preconsolidation
Name of the site depth | strengthO strengthO
pressuref [rPa)
(m) (kPa) (kPa)
SaintLéon (SLE) 4.8 30 1.10 100
SaintLéon (SLE) 9.3 49.5 2.10 180
Louiseville (LOU) 6 39 1.30 125
SaintHilaire (HIL) 5.6 35 0.80 115
SaintThuribe (THU) 6 55 0.40 175
SaintThuribe (THU) 12 42 0.07 195
Mascouche (MAS) 9 135 1.30 400
SaintAlban (SAL) 6.6 21 0.20 85
SaintJeanVianney
2 1.2 1
(SIV) 30 320 0 000
Normalised strain energy (W
0 50 100 150 200 250
0 = ,
~~~~~~~~~~~~~ Saint-Leon 4.8m (SLE 4.8)
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Figure3-1. Relationship between normalized energy and remolding index for Champlain clay samples
(replotted from Tavenas et §4]).
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Figure3-2. Stressstrain curves interpreted by Quinn et[db] from the remolding index vs. normalized

strain energy curves of Tavenas ef4d)].

Some researchers used the linear strength degradation equation for sifdjslidi8; 131, 132but strain
softening in sensitive clays can be highly diorear [141 18]. Most of the recent studies on the simulation of
sensitive clay landslidg®, 11, 89, 93, 127lised Einav and Randolph's straimftening equation (Equation
3-4). Generalized application of this equation without -sppecific verification and without an accurate
estimation of the largdeformation parameter, , might result in erroneous outcomes. Sipecific

applicability of this equation has been discussed in detail in s&doh

3.2.3Study outline

In a nutshell, even though pgstak stresstrain behavior is crucial in the analysis of piasture
behavior of sensitive clay landslides, existing work related to the prediction of thesstaisgurve of sensitive
clays is limited. This study aints provide a methodology to obtain a complete Jpestk stresstrain curve
up to the point of remolding based on sfeecific geotechnical investigation results and a suitable strain
softening equation. To achieve this objective, firstly, the remoldmgxstrain energy curvef44] are

converted to stresstrain curves. Then, focusing on the shortcomings of the existing-stfiéning equation,
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a new sitespecific strairsoftening criterion is established to predict the {fastire behavior and determine

the remolding energy of sensitive clays. Next, the criterion is applied to predict the comple&siiessirves

of five different locatios. Finally, an equation is proposed to determine the distance of retrogression of
spreading kind of failure based on the calculated remolding energies from the predicted curves of those five

locations.

3.3DEVELOPMENT OF SHEAR STRESS-STRAIN CURVE FROM REMOLDING INDEX -STRAIN

ENERGY CURVE

Quinnetal[45]f i rst interpreted the e[dddamgpsseesstrainarsd f r om T
stressdisplacement curves considering basic assumptions. In particular, they assumed that the strain-was linear

elastic up to the peak strength; therefore, the energy required to reach the peak strengtds(defined as,

Falo)

Additionally, they assumed that, p Pandx 7 , thatisx p as per EquatioB-2. However, the
assumption that botm andx equal to 1 is unrealistic because it results in a constant peak strength value

for all sites as per Equatidb. The authors of this present papeinterpreted those curves, and the reasons

will be clarified further in this section.

In this work, a stresstrain curve has been considered for sensitive clays, as shdvgune 3-3. The
soil is assumed to be perfectly elastic up to the peak (i.e., no energy dissipation during this part of the curve).
Consider two points in the curve after the peak at a s@ess andO having strains r andr ,
respectively. Therefore, the strain energy required for the reduction of the stre€¥ fromo O is the shaded
area under the stresfrain curve irFigure3-3. This energy is the difference between the energies at these two

points (i.e.,7  and7 ), and it can be approximated as such,

Fale]
N
N
~
~
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Figure3-3. Stressstrain curve of a sensitive clay
To evaluate the for the first point of the pogteak stresstrain curve, the value @ ,r , and
x  would be the peak shear stre€s |, peak strainr( ), and the energy required to reach the peak stress
(x ). That is, for the current step, the valuegof ,r , andx would be the stress, strain, and energy

value of the previous incremental step. Widlle can be determined by rearranging EquaBeh

where,) is the remolding index corresponding to str@ss

1.00

0.80

0.20

0.00
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Shear strain (%)

Figure3-4.Stressst r ai n curves prodiddldath. from Tavenas e
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Using the data fronTable 3-1 and Equations3-2, 3-3, 3-5, 3-6, and 3-7,) vs.x curves can be
converted to stresstrain curves for each sitéigure3-4 shows the stresstrain curves produced from the data

of Tavenas et al.lgl4] ) vs.x curves Figure3-1).

For the evaluation of strains () from Tavenas et al.[d4] data, Quinn et a[45] proposed the following

equation,

f - 4~ r 3'8

It can be noted that instead of using the difference of energies between two incremental Btresses,

7 , Equation3-8 considers the normalized strain energy of the current step that is, the energy required

for the strain accumulation from tor has been taken as- which represents what fraction of the limit

state energy is required to reachfromr 1t Therefore, the inconsistency in Equat®8is that even though

the strains are incremental, the energy is not. By comparing the-si@sscurve produced by Quinn et al.

[45] (Figure3-2) and the curves produced by this stuBig(re3-4), we can see that the strain values in Quinn

et al.'s[45] interpretation are considerably higher, for example, in Sdlman, the strain value corresponding

to a normalized strain energy value =190 corresponds to a strain value of 45485% by Quind5t &,
contrast, the same strain energy corresponds to a strain value of 3970% as per this study. The difference between
the interpreted strain valueskifjure3-2 [45] andFigure3-4 (this study) is evident iRigure3-5, where stress

strain curves produced by both studies are plotted together (dashed lines represent this study, solid lines
represent Quinn et aJ45], and the locations areolor-coded. To determine which interpretation is more
consistent with Tavenas et al#4] data, the experimental setup for evaluating the strain energy values in
Tavenas et al.®4] work has been analyzed. The description of these experiments can be f&lom éh al

Tavenas et a[44] determined the strain energy from four methods, one of which was simple shearing. For the
determination of strain energy by simple shearing, the sample size was 12x12x10cm, and each half cycle of
simple shearing was equivalent to a displacement of 8cenhifiihest number of cycles for each sample varied
between 60 to 90. Therefore, the highest strain for each sample could be in the rangel@08000. From

this study, the highest values of interpreted strains for the maximum values of strain eneligiéisearange

of 320012000%, which is comparable with Tavenas et f53 test methods. In comparison, the maximum
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strain values for different locations by Quinn e{4f] are in the range of 140@85000%, which is inconsistent
with Tavenas et al.Bl5] experimental setup. That is why theiméerpretation of the strains was considered

important in this study.
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Figure3-5. Comparison of the strestrain curves interpreted by this study with Quinn ef4&].

3.4DEVELOPMENT OF STRAIN -SOFTENING EQUATION FOR SENSITIVE CLAY

3.4.1Applicability of existing equation

It is evident from the stresdrain curves Kigure 3-4) that the pospeak strength decreases with
increasing strain is nelnear. Einav and RandolpH23] strength degradation equation (Equatiefi) was the
very first equation describing the ndinear strain softening behavior of sensitive clays in large deformation
problems and had become increasingly popular for its application in the numerical simulations of sensitive clay
landslides. To assess the applicability of Equati®d for predicting the pogpeak behavior of the sensitive
cl ays of T {4 stunded locatibns, stiesdrairs curves produced from Tavenas et {43 data
(these curves would be referred to as "SST curves" from here on) anesstmé@ssurves predicted by Einav
andRandolph'§23] strainsofteningequation (these curves would be referred as "SSER" curves from here on)

have been plotted for comparisonFigure3-6.
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Figure3-6. Comparison of the strestrain curves produced from Tavenas et p#4$ experimental data with
Einav and Randolph[23] strain softening equation for four sensitive clays from different sites.

As per the definition of , it is the value of strain corresponding to)an w v bPFrom Tavenas et al.
's [44] experimental results, samples from only four sites could reach up to 95% of remolding, rthatvies
obtainable only for four sites. Despite the reduced amount of data, these four locations have a wide range of
peak shear stress (B20kPa), plasticity index (386%), sensitivity (2460), and preonsolidation pressure
(25-1000kPa); therefore, it imasonable to assume that the soils from these sites are a good representation of
sensitive clays with varying soil properties. It is observed ffégure 3-6 that in all cases, Equatiod+4
overpredicts the stresdrain curves produced from the experimental data to a significant extent. The rate of
strength decrease is slower in SSER curves compared to SST curves. Additionally, the SSER curves have a
uniform exponential decrease, whereas rifite of strength decrease in the SST curves is higher in the initial
parts at smaller strains compared to the final parts at larger strains. For example, in tdeab&fisinney
(SJV) SST curve, 80% of the strength decrease happens within 125% ahluainbut it takes another 800% of

strain to reach 95% of strength reduction. It can be concluded that for a more accurate prediction of-the stress

strain curves, modification is required in the exponent part of the stofiening equation4 ) which
controls the rate of strength decrease. For a more precise understanding, developing a strain softening equation

compatible with laboratorgbtained shear test results from a specific site requires two essential parameters.
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First, a parameter is needed to initiate the curve at the correct peak stress, and second, a parameter is necessary
to regulate the curve's exponent, preventing -oeeunderestimation. For example,Figure3-7, the stress
strain curves from two sites, a and b, can bpresented with a straisoftening equation if the starting point

and exponent of the softening equation can be calibrated based on-gpesifie results. The development
process is furtherlarified in the next section.

------- Site a
----- Site b

T .‘:--'“‘\. Parameter 1 to Softening
Y /| start the curve equation

= NI at the right

& X peak stress Parameter 2 to

% i~ control the

g 1 ‘., exponent of

. 1) .

g 3 '

v

Shear strain (%) —»

Figure3-7. Development of a sitepecific strain softening equation

3.4.2Development of a new strairsoftening equation

The exponential term in Equati@ represents the fraction of the total shear strength reduction required
to reach the remolded strength. To understand this term more clearly, at the peak strength, the fraction of total

reduction required to reach the remolded strength is 1 (100%), seqtiagion give® O . Again, at

remolded shear strength, the fraction of total reduction required to reach the remolded shear strength is 0; thus

the equation give® O . By rearranging Equatio8+4 we get,

_ 0 o
A 56 39
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As per Equatior8-9, plotting the——— against strainr(), the exponential nature of the curves can be

analysed better. After examining the trend of the curve, it is observed that even though the change in the fraction

of total reduction required to reach the remolded strength is exponential up to a cemajtn€r ) but does

not exactly follow the equatioh |, rather itfollowsi A hwherey and[ are sitespecific strength reduction
constantsKigure 3-8). It is essential to understand how thesegitecific constants play an important role in
capturing the particular stresgrain behavior of the site. In a physical segsegntrols the starting point of the

curve, and controls the rate of exponential strength reduction. For example, let us consider a particular site,
Louiseville (LOU), for differenf val ues keeping the b v alFigwe39(a)thad. It
a precisg| value helps in initiating the curve at the correct peak strength. To understarfdduorols the
stressstrain curve, we have performed a sensitivity analysis considering different vajuasidé keeping|

constant for the Louiseville site (LOUyigure3-9(b) shows thaf represents the rate of strength reduction to

its final remolded shear strength.
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Figure3-8. vs.r curves, along with their exponential trend cedoded by location.

66



50 - 50
i ——-LoU — e LOU
LOU Prediction a=0.92 ——— LOU Prediction B=0.002
40 a=0.7 40 ——— B=.0015
-~ 35 = | [}=0.0035
¢ & =001
= 30 =30
£ 5
(@) o5 (b)2
5 k=
"E 20 g 20
g 15 =
Eﬁ 72]
10 10
5
0 0
0 500 1000 1500 2000 0 500 1000 1500 2000
Shear strain (%) Shear strain (%)
Figure3-9. (a) Effect of| on the stresstrain curve; (b) effect gf on the stresstrain curve
1.00 & ® SLE 9.3m exp part
0.80 i ®  SLE 9.3m straight part
3
ta
I ] *  SLE 9.3m complete
060 |9 I P
) y = 0.7017¢-0-001x
i R2=0.91 sssessess Expon, (SLE 9.3m exp
040 |9~ i part)
5 . . y= -EF‘-U(:X 0.07§...cce0s Linear (SLE 9.3m
L ° R?=0.91 straight part)
0.20 L PN T ss+ss000e Expon. (SLE 9.3m
® & complete
.°.. [~ Q@G @ @i s ..P:
0.00 :
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

x= (%)

Figure3-10. vsr curve for Sair.eon 9.3m

From the——vs.r curves, it is also evident that the shear strength reduces exponentially up to a

certain percentage of the total reduction, and the remaining can be considered a linear decrease. For example,
for SaintLeon (SLE) 9.3m sample, a combination of an initigb@nential reduction (up to 93% of the total
reduction) and final linear reduction gives at¥®9. In contrast, it reduces t3+0.7 if the whole softening is

considered exponentidfigure3-10). Therefore, the straigoftening equation can be divided into two parts, an

exponential initial part, and a final linear part, as

O
O
O
A—
T>
3¢
O
O

. 3-10

O
O
O
¢
O
O
O
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Where,O is the degraded strength up to which the strength reduction is exponential isnthe
corresponding strain. It is found that the vafiie is dependent on the peak shear strer@th py the following

correlation(Figure3-11),

of L e
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m 20 o e
ur 10 s o T = 0.0948§p
Py e
0 ...
0 50 100 150 s, 200 250 300 350
p

Figure3-11. Correlation betwee® andO

All the parameters required in Equati®i0for the prediction of stresstrain curves in all the considered
sites are presented Trable3-2. It can be seen that the value|ofaries from 0.64 to 1.04, whereas Einav and
Randolph[23] (Equation3-4) considered a constant value of 1. Additionally, the strain softening is not
exponential up to 95% of strength decrease for every site as assumed in E3dafitre value of | varies
from 3.84 to 5.79, unlike a constant valueg off ¢ as taken in Einav and Randolpf28] equation. An
extremely small change in the exponent (i. g.) of the strain softening equation significantly changes the
postfailure retrogression and runout in sensitive clay landslitie3]. Another concern in applying Equation
3-4 in realcase scenarios is the uncertainty in the predictian oivhen the complete stressrain curve is

unknown. On the other hand, in the solution presented hemn be determined by calibrating the values of

1,1,andO . In particular, the sitspecific constants and[ can be determined from the—— vs.r plot of

a partial stresstrain curve (up to 3@0% of strain) obtained from conventional laboratory test results.

To complete the stresdrain curve up to the point of remolding, the strain at remolded shearrstigss
required. As mentioned earlier, thevs.x  curves could not attain 100% of remolding. The last point of those
curves represents a point in betw€enandO ; therefore, the strain value § corresponding to the remolded

strength © ) cannot directly be determined from those curves. Considering the assumption of this study that
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the strain softening is linear aftér , it is possible to determirre by rearranging the linear part of Equation

3-10 as follows

r 2 2 r 3-12

Where,O andr are the stress and strain values of any points in bet@eeandO .

With conventional laboratory testing, however, a point in betv@emndO might not be available.
Therefore, it was thoroughly assessed whethean be determined from a reliable empirical equation. From

the peak strength vs- relationship, a linear correlatiofifure 3-12) between these two parameters can be

determined as per the following equation,

- ™ o 3-13
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Figure3-12. Correlation betwee® and—

Using all the parameters determinediaible3-2, stressstrain curves are predicted with the new strain
softening equation (Equatio®10). It is observed that the proposed new softening equation immensely

improves the accuracy of the predictidfigure 3-13). For the evaluation of the sipecific strain softening

parameters, andy mentioned ir8-10, vs.r curves had all the strain values up to(Figure3-8), but

with conventional laboratory testing, the maximum available straiis(very low (at most up to 50% of the
total strength reductiom, ). Therefore, it was important to assess the reliability afdy values determined

from partial stresstrain curves where strain value is available up to
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Table3-2. Parameters for prediction of strestsain behavior of sensitive clays

Sites SLE SLE LOU HIL SAL MAS THU THU SJV
4.8m 9.3m 6m 12m
Parameters
o) (kPa) 31 49.5 39 32 21 135 55 42 320

O (kPa) 8.85 5.42 6.20 7.34 3.11 16.68 | 11.32 | 6.97 25.75

r (%) 1501 | 3114 1944 | 2129 3614 1298 646 978 549

1 0.98 | 0.816 | 0917 | 0.766 | 0.638 | 0.813 | 0.875 | 1.04 | 0.679
r 0.002 | 0.009 | 0.002 | 0.000 | 0.0013| 0.0031| 0.006 | 0.0054| 0.0090
%Reducti
oreduction) -, 93 87 79 86 89 80 84 92
up toO
- 431 | 579 | 422 | 394 | 484 | 406 | 384 | 530 | 4.97

O (kPa)| 1.1 2.1 1.3 0.8 0.2 1.3 0.4 0.07 1.2

r (%) 7503 | 22767 | 6399 | 10600 | 13071 | 16485 | 5793 9542 | 22781
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Figure3-14illustrates the change of the predicted curvgsahd| are obtained from a partial strestsain
curve. It can be observed that the prediction from the new stofiening equation suits well with the SST
curves even if andy are determined from partial strestsain curves.
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Figure3-13. Comparison of the SST curves with the st®isain curves predicted with the new strain
softening equation (Equatid10) for different sites
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Figure3-14 (a-d). Comparison of the SST curves, prediction by new equadiuth updated prediction when
the sitespecific parameters are obtained from a partial ss&ag curve.

3.4.3Methodology for the prediction of postpeak stressstrain behavior of sensitive clays using the

established strainrsoftening criterion

The sitespecific data required for the prediction of the gueshk stresstrain behavior of a particular
site usingequation3-10 are the peak shear strength, the remothesdir strength, and a partial ppstk stress

strain curve. The following steps need to be followed:

1. From the partial stresstrain curve, plot——vs.r to evaluate the value gfandy from the

exponential trend of the plot, as shownFigure 3-15. Here,O is obtained from Equation
3-11. With the values 00 , 0 , | andy plot the exponential part &quation3-10 as shown
in the first blue rectangle ¢figure3-16.

2. Estimate the strain value () corresponding to the stre€s from the plotted curve and
estimater from Equation3-12.

3. With the values 06 ,0 ,r andr complete the linear part of the curve as shown in the

second blue rectangle Bigure3-16.
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Figure3-16 shows the complete stressain curve for a particular site where the curve up to the peak comes

from laboratory experiment and the pgsiak curve comes from the methodology described above.
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Figure3-16. Prediction of posfailure stressstrain behavior of sensitive clays

3.4.4 Analytical framework for the estimation of remolding energy based on the pogpeak stressstrain

curves

During a sensitive clay slide, the initial potential enerdy {&divided into the energy required to remold

the clay (remolding energyEand the movement of the slide (kinetic and frictional enertfy), E
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% % % 3-14

The movement of the slide, thus, entirely depends on how much energy is required to remold the soil
and whether there is enough energy left for the remolded debris t¢4#p\vi29, 134] Remolding energy is
generally defined as the strain energy dissipated in the process of rembkliagas et a[44] illustrated the
effect of the remoldingnergy on initiating retrogressive failure. They measured the total strain energy required
to remold the clay and normalized it with respect to the limit state erergyds the remolding process started
after the peak. They showed that retrogression happens only when enough energy is available to remold the
clay to a certain percentage. The concept of remolding energy to evaluate the susceptibility of landslides to
retrogressive failure surfaced as a result of the observation that several landslide locations did not adhere to the
evaluation criteria based on sensitivity, liquidity index, and remolded shear strength for predicting the
occurrence of retrogressive failjeet, 129] Building upon the data presented by Tavenas @4, Leroueil

et al.[135] identified a correlation between remolding energy and the multiple of plasticity indean@ peak

shear strength ) as follows,

% p@) 3-15

Using this formulaLocat et al[136] estimated the remolding energies of 22 Canadian sensitive clay
landslide locations and defined a parameter destruction index {) to evaluate the effect of remolding

energy on the landslide runout (Wigure3-17). In their observations, a notable finding was the existence of

a linear relationship between debris4aut and the destruction index when p. When the destruction index

is below one, it indicates that the remolding energy surpasses the available potential energy, leading to
insufficient potential energy for effectively remolding the soil. This inadequate energy availability ultimately
resultsin minimal runout, as depicted in the figure. This observation aligns with the argument put forth by
Tavenas et a[44]. However, for thirteen out of the twentyo sites examined, no such relationship between

the destruction index and rmu t was di scov docatat. al., POO8emgoning behirad [thisd s
discrepancy suggests that the significant depthwise variation in the plasticity index of a specific site poses a
challenge in determining the appropriate index to utilize for accurately estimating remolding energy from

Equation3-15. Additionally, the discrepancy may stem from the fact that the concept of the destruction index
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does not consider the frictional resistance exhibited byrtbeing debris, which plays a substantial role in

influencing the magnitude of reout.
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Figure3-17. Relationship between run out of debg @nd destruction indey () (after[136])

Later on,Thakur et al[128] employed an analytical approach to determine energy dissipated in the
process of remolding by calculating the area under thepsa#t stresstrain curve up to remoldeshear
strength. They assumed an idealized stsfis8n behavior, considering that strain softening is linear from the
peak to the remolded shear strengffiggre 3-18). However, strain softening is highly ndinear.
Determination of the area under the strgfsain curve with a linear assumption may only work if the
underpredicted area and the opeedicted area are almost equal, as in the case marked by a redlufesimed
Figure3-18. However, without the knowledge of the actual sti&tsain curve, a linear assumption may result
in a highly overpredicted or underpredicted area under the-stregs curve, as illustrated Figure3-18 with
green and blue dashed lines, respectively. The limitations of this approach become more evident when
examining the determination of remolding energy for Klett clay, which was one of the cases studied by Thakur
et al.[128]. This site had a peak shear strengdh)(of 17 kPa, and remolded shear stren@ih)(of 0.1 kPa.

The vane shear test results indicated that strength reduction was only achieved up to 7 kPa at the maximum

vane rotationln their analysis, Thakur et 4.28] extended the initial linear portion of the strsssmincurve
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Figure3-18. Stressstrain behavior of sensitive clays compared with the assumption of Thakuf14l.

up to the remolded strength and determined the area under thes$ta#sscurve as an estimate for the
remolding energyRigure3-19a). However, based on the findings of this study regarding theppagtstress

strain behavior of sensitive clays, it was established that the strength reduction follows an exponential decay
pattern up t@d , followed by a linear decrease up@o. Consequently, the partial strestsain curve is
extended exponentially up to 1.6 kPa (as per Equétibd) and then linearly up to 0.1 kPRigure3-19%). It

is observed that the linear approximation based on the partialstrasscurve used by Thakur et [@l28] for

Klett clay substantially underestimates the actual remolding energy.

20
(a) (b)
= =
i 15 %
= £
B 50
=1 =
B 5
w w
= -
L¥] (]
&7 7
0 .
0 1 2 3 0 10 20 30 40 50

Vane rotation (rad) Equivalent vane rotation (rad)
Figure3-19. (a) Determination of remolding energy with linear approximation from a partial softening curve

(after[128] ) (b) Comparison between the remolding energy estimation by linear approximation vs. actual
nonlinear stresstrain behavior.

The viability of linear estimation relies on a balanced offset betweenpogdiction and under

prediction, as exemplified by the red lineFigure3-1%. However, it is essential to note that such assumptions
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cannot be made without access to the complete sthesB curve. Furthermore, if the complete curve is already

obtainable, the necessity for a linear approximation becomes redundant.

This study proposes a methodology for obtaining the completeppakt stresstrain curve, which
enables the straightforward estimation of remolding energy by calculating the area beneath th#airess
curve. The area under the nlmear stresstran curve i.e. the remolding energiigure 3-20a), can be

mathematically represented as,

% oA 3-16

WhereO is the shear strength that varies from the peak to the remolded state.

It is possible to estimate the remoldiegergy by integrating the degrading shear stren@th ia

Equation3-10 with respect to strainr§ fromr r tor r as illustrated irFigure 3-20b. Therefore, the

analytical expression for the remolding energy would be,

EC')Orr
C

% 6 O O A A 317
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Figure3-20 (a-b). Determination of area under the ppsiak curve by integration

3.5APPLICATION TO REAL CASES

3.5.1Prediction of the stressstrain curve

The methodology described in secti®d.3has been applied to seven different landslide locations (6
eastern Canadian and 1 Norwegian) to predict thepest stresstrain behavior of sensitive clays. The
landslides presented here are all identified as a spread retrogressive/progressiveTfalugeotechnical
properties of these sites are well described in the literftdrd 8, 39, 137139]. One of the major challenges
in working with laboratory test data of sensitive clays involves the effect of sample disturbances. The quality
of soil samples is a critical consideration in laborafoaged soil testing methods, particularly in the case of
sensitive clays where sampling disturbance can significantly impact the mechanical properties of1A468iclay
142]. If soil properties are taken from bad quality samples, the finite element numerical analysis of a sensitive
clay slope may have a 25% lower safety factor compared to eghiglty samplg143]. Lunne et al[144]
have proposed criteria for assessing sample disturbance in marine clays with OCR between 1 and 2. These
criteria involve categorizing sample quality based
from sample consolidation to assumeditu effective stresses. These guidelines can be employed to ensure
the quality of anisotropically consolidated samples compressed under undrained conditions (CAU) using the
triaxial apparatus. The laboratory test data used in this study for most iéthieasl geotechnical investigation
reports verifying sample qualijd4i 18, 145] It is crucial to obtain laboratory test results from higlality

samples to estimate pgstak stresstrain behavior accurately.
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Table3-3. Geotechnical properties for the sensitive clays of different landslide locations

Sites Cassel Saint | saint SaintLuc- Saint .
Barnabé de- . Rockcliffe Bekkelaget
man Jude ) Monique
Parameters -Nord Vincennes
Unit weight { ) kN/m? 17 16 16.5 16 16 17 18.9
Plasticity Index @) % 15 15 24 15 28 36 10
Liquidity Index (L) % 2 11 1.2 15 1 2 2.4
Slope Height (H) m 44 70 30 35 45 12.2 16
Sensitivity (9 58 50 60 40 55 55 80
Peak strength (g kPa 87.0 79.5 55.2 55.0 40.5 54.9 16.2
Remolded strength@ |, 5 159 | 092 1.38 0.74 1.0 0.2
kPa
Peak straim % 6.5 4.0 3.2 2.4 2.4 3.0 6.6
sir(from eq 11) kPa 8.27 7.55 5.24 5.22 3.85 5.22 1.54

The geotechnical properties of each site are describ&ahile 3-3, the partial stresstrain curves from

direct shear test results are illustratedrigure 3-21, evaluation off andy for each site from———vs.r

curves are illustrated figure3-22(a.g ) , wi t h e st i maande dor all bbdativessire présentéd

in Table3-4. Finally, the complete stress$rain curves are constructedrigure3-23 (a-b).
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Figure3-21. Partial stresstrain curve from DSS test results for different sensitive clay landslide locations
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Table3-4. Additional parameters required for the prediction of the complete stireés curves

Sites Saint . SaintLuc- ' Rockcliffe | Bekkelaget
Casselman Barnabé Saint de Saint
Paramet Jude . Monique
Nord Vincennes
ers
1 1.157 1.091 1.049 0.945 0.952 1.208 1.526
r -0.024 -0.026 -0.025 -0.029 -0.028 -0.060 -0.048
r (%) 250 230 240 195 180 95 120
r (%) 2828 2377 1722 1394 948 678 253

From the final prediction of the stresgain curvesKigure 3-23), it can be observed that the rate of

strain softening is extremely low for larger strain values (>100%). Beyond the exponential softening, the rate

of strength reduction is so low that the linear parts of the softening curves seem almost horizacatihgndi

that the strain value at the remolded strength is extremely high. To assess whetherpkrakpsstsstrain

behavior is consistent with the observed landslide movement, remolding energies using thestastress

curves were determined as per EquaBelv (Table3-5). In all the cases, the available potential energy of the

slope was greater than the estimated remolding energies required for the remolding of the clay, which suggests

that the slopes were susceptible to retrogressive failure.

Interestingly, for three sites, the estimated remolding energy from the empirical equation proposed by

Leroueil et al[135] closely matched the calculated remolding energies of this study. However, for other sites,

overestimation or underestimation of remolding energy was observed, as depkitpdé3-24. In particular,

at the Rockliffe site, Leroueil et al[’535] equation yielded higher remolding energy than the available potential

energy, suggesting that the occurrence of large retrogressive failure may not align precisely with Tavenas et

al.'s[44] remolding energy criterion. It is worth noting that the plasticity index for this site was significantly

higher than the other sites.
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Figure3-23. (a) Comparison between the predicted stetssin curves and curves from DSS results. (b)
Stressstrain curves plotted on a sefogarithmic scale to illustrate the entire ppsiak behavior

Table3-5. Determination of remolding energies for the prediction of retrogressive failure occurrence

Saint
. . | Saint | SaintLuc-de- | Saint .
Locations Cassleman| Barnabé . . Rockcliffe| Bekkelaget
Jude | Vincennes | Monique
Nord
Potential energy
EP (2mH/3) kN- 498.7 746.7 | 330.0 373.3 480.0 138.3 201.6
m/m?
Remolding
energy 374.8 298.1 | 186.0 142.9 88.0 79.8 29.05
ER (KN-m/m?)
Occurrence of
large
retrogresswe Yes Yes Yes Yes Yes Yes Yes
failure
EP >ER
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Figure3-24. Comparison between the remolding energy estimation by Leroueil[@88].with this study

3.5.2Prediction of the movement of remolded clay from the estimated remolding energies using the

stressstrain curves

There are several empirical methods available for the estimation of retrogression distances. Mitchell and
Markle [75] correlated the stability number. (1 (¥O ) with retrogression distance assuming that
retrogression will not occur for . Later, other researchers linked retrogression distance with geometrical
constraints like slope height and anglb, 146] However Demers et al43] concluded that these correlations
do not work well for Eastern Canadian landslides, especially for the Quebec region. The Norwegian Water
Resources and Energy Directorate uses a simple method for mapping hazard zones that involves drawing a
p @p v (ine from the toe of the slope to represent the maximum retrogression distance of potential flow slides
in sensitive clay. But recent data shows that some landslides in Norway have exceeded this[tHsthnce
Turmel et al[148] showed that in the Quebec region, observed retrogression distances for historical cases may
vary between 2 to 50 times the height of the sld¢pe@Quebec Ministry of Transport, Sustainable Mobility and
Transport Electrification (MTMDET) uses a statistical approach based on retrogression distances of historical
landslides and ancient scars. Suppose a potential site satisfies the geotechnicabnamigphgpdogical
requirements. In that case, the retrogression distance is assessed by applyingrdehirdving average to
the retrogression distance of previous scars in the vicinity. This method provides better results for regions where
previously recorded landslide data is availdtbk8]. Recently, numerical analysis of sensitive clay landslides

has been used to predict péeture retrogressiofp, 11, 16, 127]For an accurate estimation of retrogression
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distance through numerical simulation, a-sipecific strairsoftening constitutive model for sensitive clays is
required. The main aim of this paper was to produce an accuratessifigining behavior model for sensitive
clays designed explicitly for t&specific application, which can then be used to simulate sensitive clay
landslides. It is worth noting that the pg&ak stresstrain behavior model proposed in this study has a broader
range of applications. Specifically, using the remolding enemgtisated from these curves, an equation for

calculating the retrogression distance may be developed using only laboratory test data of these locations.

As discussed in sectiod.4.4 when remolded clay moves down a slope, the distance it travels (in
retrogression and run out) depends on the available potential eB&jgyhe remolding energy4 ), and the
kinetic energy % ) that develops during the movement of the slide. In spread failures, retrogression (the
backward movement of the landslide toe) contributes to the lateral spreading of the slide mass. As the remolded
clay spreads laterally within the slope, rather thawithg out of the crater as a cohesive massoutrdistance
(i.e., the distance the material travels downslope) is typically relatively low in spreads compared to earth flows.

It can be assumed that most of the kinetic and frictional enésgy ¢ontributes to the retrogression distance.
By rearranging Equatio®-14, we get,

% % % 318
By expanding the potential and remolding energies, we get,

S, . P .

%ol( o) 6O O JA A 6O O r r 3-19

where m is the unit weight of the soil, and H is the average height of the slope.

The amount of energy left for the movement of the remolday vastly depends on the frictional
resistance i.e. the viscosity and unit weight of the liquified clay. If the retrogression distance of the landslide is

represented with2' $, Equation3-19 can be rewritten as follows,
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S 2% 3-20

qlnNn

where) is a proportional constant for the movement of the remolded clay, which is dependent on the viscosity
and unit weight of the liquified claya can be determined using the potential and remolding energy of

previously occurred landslide locations with known retrogression distafabkeg-6).

Table3-6. Determination ob for previously occurred landslide locations.

. Saint Saint | SaintLuc-de- Saint .
Locations | Cassleman BarnabéNord| Jude | Vincennes | Monigue Rockcliffe | Bekkelaget
EXF (kN-
182.53 448.57 144.00 230.43 391.97 58.5 172.55
m/nr)
RD (m) 450 180 80 110 142 76 145
S=— 0.41 2.49 1.80 2.09 2.76 0.77 1.19

Again, the viscosity of the remolded clay depends on the liquidity index of th§ld@y Therefore)
was calibrated against the unit weight and liquidity index of the clay using five out of the seven available
landslide locations, while the remaining two sites will be reserved for validation purposes. It should be noted
that the range for liquidity inde ) for the calibration of the proportional constantvas extremely narrow.

A linear correlation Figure3-25) between the product §f andi , and5 was obtained as follows,

o 18 ) | 3-21
3
... 1 =-0.1Q4 +4.2
2 s R2=0.91
z | T T
/7 R S s S
S
0
10 15 20 25 30 35 40
I*m

Figure3-25. Determination of the dependencyofon the clay unit weight () and the liquidity index)()
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Replacingd in Equation3-20, the equation to determine retrogression distance is,

[e]Fa)

i(”OOO{AArgoo (o
] )

2% 3-22

This equation is now applied to the two remaining locations for validation. For the eastern Canadian site,
Rockcliffe equatiorB-22 gives a retrogression distance very close to what was observed in the field. But for
Bekkelaget, equatiod21 provides a negative value bfbecause the unit weight and liquidity index value for
this Norweigian site are higher than the Canadian sites with whigh atue has been calibrated. Due to the
difference in overall soil properties in Norweigian quick clays to Eastern Canadian sensitive clays, it is
suggested thdt should be separately calibrated for Norweigian and Canadian sites. Other empirical methods
for estimating the retrogression distance have been compared with the results of Ex@ati@able 3-7).

Unlike the previous empirical equations, the proposed equation considers geotechnical and geometrical
parameters for the prediction. This equation has the potential for a closer approximation of the observed field

data if calibrated against a large ds¢d.

Table3-7. Comparison of retrogression distances measured from Eq@a#idwith other empirical methods.

2 $(m) RD (m)
Observed | 2 $(m) from Quinn from Il\qﬂl:iic:(r:r;)llf;%n(; RD (m)
retroaressiorl  from Average| et al.(2011)| Carson Markell from
Locations rog : Slope | 2 $ and Lajoie NVE
distance on| Equation - (1974)
) Angle (Fo OE| (1981) 2%
the field 22 2%
(! slope| 2% . pu(
pmmO T
angle) |t (*x ¢X

Cassleman 450 456 200 21 176~ 1188 560 660

Saint 180 184 370 19 140 ~1890 1009 1050
Barnabé

SaintJude 80 65 16° 18 60 ~ 810 497 450

SaintLuc-de- 110 128 4.5 74 70 ~ 945 618 525
Vincennes

Sainte 142 150 240 18 90 ~ 1215 1377 675
Monique

Rockcliffe 76 73 16° 7.37 48.8 ~ 329 N/A 183

Bekkelaget 145 N/A 3° 49 64 ~ 432 1566 240
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3.6 CONCLUSIONS

1 A new strainsoftening equation for sensitive clays was proposed, which effectively reproduces
the nonlinear behavior observed in pgstak stresstrain curves (Equatior3-10). The
equation comprises two distinct segments: an initial exponential strength reduction
characterized by a higher rate of strain softening, followed by a final linear strength reduction
where the rate of softening is minimal.

1 The newly proposed stragoftening equation effectively addresses the challenge of
accommodating the large deformation stretsain behavior of sensitive clays, surpassing the
limitations associated with conventional laboratory shear tests. Formuladiegjtiation based
on the actual behavior of sensitive clays under large deformations enables accurate prediction
of postpeak stresstrain curves for up to the remolded shear stress. This constitutive equation
thus may serve as a valuable tool in simatatarge deformation problems specific to sensitive
clays, enhancing its practicality and utility in such scenarios.

I The comprehensive stresgain curves generated by the new equation facilitate accurate
calculation of the remolding energy in sensitive clay slopes, thereby enabling the prediction of
landslide susceptibility to retrogressive failure based on the remgoddfiergy criterion.

1 The estimated remoldingnergies hold the potential for predicting pfasture landslide
movements, as exemplified by the formulation of Equation 22, which enables the estimation of
postfailure retrogression in six eastern Canadian sites. To further advance the understanding
and applicability of the proposed approach, additional studies should be conducted to
encompass multiple landslides and explore their suitability in broader contexts. Moreover,
undertaking calibration against a larger dataset could significantly improveqtnion's

capability to closely approximate observed field data.

87



CHAPTER 4

Article 3: Prediction of retrogressive landslide in the sensitive clays: Incorporating a novel Strain
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4.1ABSTRACT

Sensitive clays, when subjected to large strains, exhibit a unique stfténing behavior, transforming into a
remolded liquid with remarkably low shear strength. When a slope fails, this behavior leads to the remolded
clay moving away from its origingbosition, triggering subsequent failures and catastrophic outcomes. To
accurately predict such scenarios, it is crucial to incorporate realistic-strié@ming characteristics into the
constitutive soil model. This paper presents a novel yet pradiiaat-softening law developed by the authors

that effectively captures the pgstak behavior of sensitive clays down to their remolded strength. The
softening law is implemented in an elastoplastic MGbulomb model and incorporated into Anura3D, an
opensource software that uses the Material Point Method to simulate large deformations. The constitutive
model is calibrated by simulating the strst®in behavior through direct shear tests conducted at three
sensitive clay landslide locations. The accyratthe overall numerical framework is assessed by predicting
the postfailure movements of these landslides. Notably, two of the landslides, -Béomigue (1994) and
SaintJude (2010), have previously been analyzed using other numerical tools, alfowsagomparative
analysis with the method presented here. The third landslide, the-L8aideVincennes landslide,
representing a composite flow slide and spread, has been numerically simulated for the first time.-The post
failure behavior observed ime landslide events is compared with field observations and other numerical
analyses. The results show that the MPM models with the proposedsstitaining law can reasonably predict
postfailure retrogression and runout distance, which are crucial gaeasnfor determining the risk of

landslides in sensitive clays.

Key words:Retrogressive landslide, sensitive clay, numerical modelling, material point method

4.2INTRODUCTION

The mechanism behind retrogressive failure in sensitive soil involves various complex features,
including the landslide trigger, the formation of shear bands or multiple failure surfaces, the movement of
remolded soil, and the progression of the landglié@]. These complexities pose significant challenges when
conducting numerical analyses of sensitive clay landslides. Traditional methods, such as limit equilibrium or

finite element strength reduction techniques, face two major issues that render thenblerfenitgpplication
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in sensitive clay slopes. Firstly, these conventional approaches have limited capability in predicting landslide
initiation and cannot anticipate subsequent failures or runouts in retrogressive landslides. Secondly, the large
deformations associated witheise landslides can cause mesh tangling in conventional finite element methods.
The strainsoftening behavior exhibited by sensitive clays, responsible for the intricate failure mechanism,
necessitates using sophisticated constitutive soil models andcadvaumerical tools capable of handling large

deformation problems.

Over the past two decades, considerable progress has been made in addressing large deformation
problems in geotechnical engineering. Various meated and meshless numerical frameworks, such as the
arbitrary Lagrangian finite element method, the parficliée element method, and the material point method,
have been successfully implemented to capture key characteristics of large retrogressivgSailtire34]
Additionally, the development of strasoftening constitutive soil models has further enhanced the ability to
model these phenomena effectively. In recent studies, highHimeesr postpeak strairsoftening of sensitive
clays has inspired the implentation of an exponential strength degradation equationgian4-1) to capture
the postpeak soil behavig9, 10, 93]

6 6 0 O A 1

whereO is the degraded shear strength after the pekthe strain corresponding @, andr s the
strain when the strength is reduced by 95% of the supposed total red@@tiond ). Even though 95%
strength reduction does not correspond to a wholly remolded state, the strain value at 95% strength reduction is
so large that it cannot be attained with conventional laboratory sheditstso effectively model sensitive
clay landslides using the strasoftening equation, one requires the value of the large deformation parameter
r , which represents the strain value at 95% strength reduction. However, on a laboratory scale, shear tests can
reach the strain value, corresponding to at mosi@®® strength reduction with DSS tests anel325%6 with
Triaxial tests. This limitation makeg difficult to obtainr directly from laboratory tests. Due to the
unavailability ofr , researchers resort to the back analysis method to model sensitive clay landslides. They
start with an assumed valuerof , later, this parameter is adjusted to match the simulation outcome with field

observations.

90



To eliminate the need for back analysis and improve the numerical modeling of sensitive clay landslides,
Urmi et al.[151] developed an empirical/ indirect method to determine the large deformation parameter with
available laboratory and field investigation results. In the development process, it was found that the strain
softening equation requires modification based onsgitxific data. The straisoftening patterns of the nine
prehistoric sensitive clay landslide sites revealed that the exponent of thessftairing curve (gjr in
equation 1) varies from site to site and isndt const
r . Moreover, the strength reduction is not entirely exponential; at greater strain values, the exponent of the
exponential curve reduces to zero; thus, the strength reduction becomes linear. These observations inspired
Urmi et al.[151] to propose a new sigpecific straipsoftening equationgquation4-2) based on the strain
softening pattern observed in the sensitive clays of prehistoric landslide locations. Based on theamique
linear strainsoftening behavior each site, it was observed that the exponential strength decrease required two
site-specific parameters fr) for a better representation. These parameters are derivable from shear stress
strain curves from laboratory shear test results specific to the site in question. Direct Simple Shear (DSS) tests
are preferred because they better represent the large deformetainsoftening behavior for progressive
failure than triaxial testfl7]. Urmi et al.[151] demonstrated that the exponential behavior characterized by
stespeci fic parameters ( Scalepa)tial strdsstrain cureedclo$ely approxamatesa b or a t
the actual behavior of sensitive clays at high strain levels. The crucial é&speentifying the pattern of
exponential decay; even when derived from a limited number of data points on a partial curve, the results remain

comparable because the strength decrease adheres to a unique law for a particular site.

The proposed softening equation is a combination of an exponential and linear strength reduction as

represented bgEquation4-2) (Figure4-1).

) o) o O JA
O O O r rjr r

¢ ¢
o 0
e
(@)
5

Where,0 is the residual strength defined as the degraded strength up to which the strength reduction

is exponential and can be determined by
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o 8T WD 4-3

r is the corresponding residual strairCat. r is the strain at the remolded shear stre@yttthat can

be estimated as,

up |---
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Figure4-1. Strainsoftening behavioof sensitive claysafter[151])

Using equation4-2 facilitates the determination of the strain value at remolded shear strgsshe
strain value at the remolded shear stress is particularly important because it completes the strength reduction
curve and thus facilitates the evaluation of dissipated energy during the remolding, which is the area under the
stressstrain curve. Fomore detailed information on the development proceseqaftion 4-2 and its

application to landslide risk analysis, readers are encouraged tomeadt al.[151].

In this study, the strength of the sensitive clay was modeled using-aseooiated Moh€oulomb
constitutive model with an additional strasoftening law described bgguation4-2, where the reduction in
cohesion is equivalent to the degradation of undrained shear strength. For retrogressive failure analysis under
undrained conditions, the friction angle in the M@woulomb model is set to zero, making it comparable to the
Tresca eftening modelFor this studyequationd-2 has been employed on an elastoplastic constitutive model

obeying the Tresca failure criterion, which considers the undrained shear st@ngihthe material as an
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input parameter. Although this is a basic constitutive model, the incorporation of strain softening law on the
Tresca or Von Mises criteria has been frequently used in simulating sensitive clay landslides under undrained

conditiong[9, 10, 93, 94, 152]

The primary objective of this paper is to validate the effectiveness of the newssifi@ning equation
to simulate sensitive clay landslides by implementing it in the Anura3D software, which utilizes a Material
Point Method (MPM) frameworkl53]. The choice of MPM is motivated by its previous successful use in
demonstrating its capabilities to capture large deformations and shear band formation in retrogressive sensitive

clay spread failuref®, 83].

The objective of the study is to implement and test a novel stadiianing law in Anura3D for predicting
retrogressive landslides in sensitive clay. This objective was achieved through the following steps. Firstly, direct
shear tests were simulated tdidate the implementation of the stragpnftening equation in a usdefined
constitutive soil model in Anura 3D. This step evaluates the numerical model's reliability in predicting site
specific postpeak stresstrain behavior of sensitive clays. Nexttetconstitutive parameters of the softening
equation were calibrated using the smeared crack approach through direct shear tests with different mesh sizes
to mitigate the effect of mesh dependency when implementing -sibftiening in a continuum numerical
framework. The model was then validated by predicting thefadste movement of three previously occurred
sensitive clay landslides. A comparison was then conducted between the predicfedysedbehavior and
the observed behavior in the field fall three case studieallowing for insights into the use of numerical

analysis in understanding the underlying mechanism of such failures

This study focuses on three distinct landslide events in Quebec, CanadaMiaiigae (1994), Saint
Jude (2010), and Sathuc-de-Vincennes (2016)t leverages the available numerical simulations of the Sainte
Monique and Sairfude landslides for comparative analysis and testing the effectiveness of the employed
numerical frameworkThe Sairf_uc-de-Vincennes landslide, a composite flow slide and spread, presents a
unique challenge and opportunity: it has not been previously moddiedefore, this study is the first one to

apply the proposed constitutive model to this complex event, assessing its suitability in capturing the dual nature
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of the landslide; it highlights the need for innovative approaches in the analysis of retrogressive failure in

sensitive clays

4.3BASIS OF MPM FRAMEWORK

The Material Point Method (MPM) represents a computational methodology initially formed by Harlow
as the Particlkén-Cell method (PIC) at Los Alamos National Laboratfit$4]. Primarily designed for fluid
dynamics, the methodology was later expanded by Sulsky and Scf8By@t New Mexico University to
accommodate solid mechanics challenges, specifically discretizing the dynamic momentum balance equation
[155]. Positioned between partielmsed techniques and the Finite Element Method (FEM), MPM employs a
dual discretization approach. In the first frame, the continuum undergoes discretization into material points
(MPs), each signifying a sediomain with an invaant mass to ensure conservatiéig(re4-2). The classical
MPM assumes mass concentration at the respective MP, encapsulating velocities, strains, and stresses. These
MPs exhibit Lagrangian characteristics as they move with the deformations of the body. The second frame
involves a computational b like the conventional FEM, encompassing the complete problem domain.
Discrete governing equations are solved at mesh nodes, and variables are mapped from MPs to mesh nodes
using mapping functions, typically linear shape functions. Boundary conditionberimposed at mesh nodes
or MPs, and the governing equations are incrementally solved. Finally, Material Point (MP) quantities are
updated by interpolating mesh results without storing mesh information permanently. Not storing this
information allows thenesh to be redefined at the end of each time step, although conventionally, the mesh

stays the same

l l /l" Sub-domain

— | |_yComputational
=4  node(CN)

|wMaterial point (MP)

% v Mesh

/

i\ .__’Information mapped
— | from MP to CNs

Figure4-2. Spatial formulation of MPM framework (aft¢f.33])
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The MPM approach provides a robust framework for analyzing complex geotechnical problems.
Through its unique formulation and data transfer mechanism between MPs and computational nodes, the MPM
technique can accurately simulate the behavior of slopes thed geotechnical systems, capturing their

dynamic responses and interacti¢hs6i 159].

4.4 STRAIN-SOFTENING MODEL CALIBRATION : SIMULATION OF DIRECT SHEAR TESTS

Locat et al[17, 18, 46]andDurand[14] conducted multiple direct simple shear (DSS) tests using soil
samples taken from the sensitive clay layers at three sites affected by previous landslides, i-&1pSajo&
SaintJude, and Saifituc-de-Vinecenne. They aimed to study the shear behafithre clay involved in such
landslides. Soil samples, with dimensions of 14mm in height and 67.8mm in diameter, were subjected to
consolidation under a vertical stress level that closely matched ¢iite tonditions corresponding to the depths
from which the samples were obtained. The samples were placed inside plastic rings to prevent lateral
deformation during consolidation. Shearing was conducted laterally by a motor, applying a horizontal strain

rate of 07 mm/min at the top of the sample while the base remained fixed.

These tests were replicated in Anura3D, considering loading and boundary conditions consistent with
the laboratory tests, as showrHigure4-3. In particular, plain strain conditions were considered, and an initial
rectangular domain (with a height equal to the sample's height as measured in laboratory testing) was divided
into triangular elementgase length = height = 0.014utiscretized with 46 MPs each. A total stress analysis
is performed in undrained conditions. A prescribed velociy.@fmm/secconsistent with the horizontal strain
rate used in the laboratory shear test, was applied at the top of the row of nodes to generate the DSS total stress
path. A damping factor is assumed to be 2% to reduce numerical instabilities, consistent witlsgidigg
[160] . Input material parameters for the simulations are listéfhirle4-1. Soil properties are obtained from
the respective sites' detailed field investigation reports by Locat et al. (2017, 2015, 2013) and TAemébtay
et al. (2021) Specific parametersQ( hfy r fr ) for the softening equation (Egtion 4-2) are based on
laboratory test results obtained with a detailed methodology descrilpEsllin The eartkpressure coefficient
and Poisson's ratio are adopted from previous studies that have conducted numerical analyses specifically on

the sites under consideratif® 18, 93, 160]The shear modulus of Eastern Canadian sensitive clays is typically
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lower than that of other clay soils, with values ranging from approximateho ® top TGt [45]. For this
study, the shear modulus is directly interpreted from the shear-stragscurve obtained from the laboratory

DSS test for each site, assuming that the behavior is elastic up to peak shear s@eegthmodulus,

G=0 jr).
(a)
Sample
Kyo,, Height

0w =0.014m
(b) _—

ok
© T

Figure4-3. (a) Loading conditions; configuration of material points (b) initial and (c) final.

Table4-1. Input parameters for the numerical simulation of D&$s

Parameter SainteMonique | SaintJude SaintLuc-de-Vincennes
Natural weight of soil, m 16 kKN/m? 16.5kN/n? 16 kN/m?
Effective vertical stresd 93kPa 170kPa 168kPa
The coefficient of lateral earth 05 05 05
pressure at rest,

Shear Modulus, G=- 4050kPa 4580kPa 4583kPa
Undrained Poisson's ratip, 0.45 0.45 0.45
Peak shear strengt®, 40.5 kPa 55 kPa 55 kPa
Peak shear strain, 0.01 0.014 0.012
Remolded shear strengt, 0.736 kPa 0.92 kPa 1.375 kPa
Residual strainy, 1.8 2.4 1.95
Sitespeci fic conl0.95 1.049 0.945
Site-specific constant, 2.8 2.5 2.9

Figure4-4 (a-c) shows the stresstrain behavior predicted by the model and the softening equation and
how well it complies with the laboratory direct shear test results. It can be observed that the constitutive equation
has been well implemented in the numericaldel to accurately depict the strestgin behavior of sensitive

clays up to the remolded strength. Additionally, the simulated direct shear test results closely resemble those
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obtained from laboratory tests, particularly within the laboratory's maximum strain range. These observations
suggest that this constitutive model is a reliable tool for predicting the material behavior of sensitive clays under

undrained shear loading.

th
(=]

= —— Numerical model Softening Equation
2y 40 ——DSS Lab 1 ——DSS Lab 2
§ 30 ——DSSLab 3
@ 25
&
=10
17}
0
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
Shear strain
60
W 50 —— Numerical model Softening Equation ——DSS Lab 1
(b)
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
(C) Shear strain
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=50 —— Numerical model Softening Equation —DSS Lab 1
EZ“;4—0
£30
() &
:'E 20
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0

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
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Figure4-4 (a-c). Stressstrain behavior is depicted in the numerical model, softening equation, and DSS
laboratory tests for Sairfdonique, SairtJude, and Sairituc sites, respectively.

4.5DESCRIPTION OF THE NUMERICAL MODELS

Figure4-5 illustrates twedimensional plane strain models for the numerical simulation of the Sainte
Monique (1994), Sairiude (2010), and Sathuc-de-vincennes (2016) landslide. The models' dimensions are
determined based on thesitu topography, as detailed & study byLocat et al[17, 18, 46]and Trembley

Auger et al[161].
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For the Saintévlonique site Figure4-5a), the dimensions of the lgfand riverbank in the studied area
are 21.7 meters in height and 183 meters in length. Thelragid embankment, which prevents further sliding,
is 11 meters high and 57 meters long. The length of the slope at the ledt giddbrook is 37 m with a slope
angle of 24°, while the rightand slope is 25 m in length with a slope angle of 26°. The soil slope comprised a
very thin 2m sandy crust (C1), with a thick sensitive clay layer up to 40m depth. According to the sail
invedigation resultsFigure4-6a), the undrained shear strength remains relatively constant from a depth of 2
to 10m, measuring at 25kPa. Progressing to a depth of 10 to 20m, an increase from 30 to 50kPa is observed,
resulting in an average overall shear strength of 40kPa. Notablsect sliear test at 13.5m depth revealed a
shear strength of 40.5kPa. The shear strength rises from 50 to 70kPa between 20 to 25m depth. A layer of
sensitive clay (S1) has been incorporated up to the slope's toe, showcasing a peak shear strength atatching th
of the Direct Shear Test (DSS) at 40.5kPa.-# fayer of sensitive clay (B1) below the slope's toe is taken to
account for the higher shear strength observed in deeper layers. This lower layer has a shear strength of 55kPa,
contributing to a more comehensive representation of the subsurface conditions. The material properties for
the numerical model of the Sairtéonique site are listed ifiable4-2. The crust layer is defined with an elastic,

perfectly plastic constitutive soil model.

Table4-2. Input parameters for the numerical simulation of the Saitdeique landslide

Parameter Crust Sensitive clay] Sensitive clay|
(C1) layerl (S1) layer2 (B1)
Natural weight of soil, m 18 kN/n? 17 kN/nm? 17 kKN/m?
The coefficient of lateral earth pressy 0.5
at rosts P 05 05
Shear Modulus, G=- - 4050kPa 4050kPa
Elastic modulus, E 1000kPa - -
Undrained Poisson's ratip, 0.45 0.45 0.45
Peak shear strengt®, 90 kPa 40.5 kPa 55 kPa
Peak shear strain, - 0.01 0.01
Remolded shear strengt, - 1 kPa 1 kPa
Residual strair, - 1.8 1.8
Stespeci fic const - .95 .95
Site-specific constant, - 2.8 2.8
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Figure4-5. The geometry of the slope used in the numerical model (a) Sdoniiue, (b) Saintlude, (c)
SaintLuc-de-Vincennes
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Figure4-6. Depthwise variation of undrained shear strength ; (a) Sa#daique, (b) Sainrtlude, (c) Saint
Luc-de-Vincennes.
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For the Saintlude site Kigure 4-5b), the slope profile is based on stereophotogrammetry and field
investigation data from the report bygcat et al[18]. The bottom of the river channel is 4.5 m above the lower
boundary of the sensitive clay layer. The total height of the slope on the right side of the river is 32.5m, with a
sl ope angle near the toe of 40e, 1t2r aamdi t2i0ceniinng tthoe
The ground surface on the right side of the slope crest is almost horizontal. The profile consists thfick4
crust below the ground surface (Material C2), followed by a 23.5m thick sensitive clay layer (Material S2). In
the field investigation report, there were three soil layers with relatively high shear strength are found below
the sensitive clay layer and above the bedrock. These layers had a combined thickness of approximately 17m.
For the numerical modeling, thesedt layers have been simplified as a single soil layer (Material B2) with a
depth of 5m, as varying the layers' thickness or number of layers did not significantly affect the slope failure
behaviof[62]. The material properties for the numerical simulation of the Saidé¢ site are presentedliable
4-3. An elastic, perfectly plastic model defines the crust and the stiffer layer. The shear strength parameters of
the crust and the till layer are obtained by averaging the shear strength data obtained through field investigation

(Figure4-6b), corresponding to specific depths of the layers.

Table4-3. Input parameters for the numerical simulation of the Shide landslide

Parameter Crust Sensitive clay| Stiffer soil layer
(C2) layer (S2) (B2)

Natural weight of soil, m 18 kN/m? 16.5 kN/n?¥ 17 kN/m?

The coefficient of lateral eart| 0.5

pressure at rest, 0.5 0.5

Shear Modulus, G= - 4580kPa -

Elastic modulus, E 10000 kPa - 10000 kPa

Undrained Poisson's ratip, 0.45 0.45 0.45

Peak shear strengt®, 30 kPa 55 kPa 80 kPa

Peak shear strain, - 0.014 -

Remolded shear strength, - 0.92 kPa -

Residual strair, - 2.4 -

Sitespeci fic conj- 1.04 -

Site-specific constant;, - 2.5 -

For the Saintuc-deVincennes site, the analyzed slope extends over 320m, with the left and right

embankments measuring 25m and 10m in height, respecfi/@ly. The geological composition exhibits
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distinct layers. Starting from the uppermost stratum, a-sdtydy crust layer (Material C3) persists down to a

depth of 1.4m, succeeded by a sensitive clay unit spanning from 1.4 to 15.5m (Material S3), followed by a

stiffer sensitive clay layer (MatetiB3). In the analysis, two distinct layers of sensitive clay are considered to

account for the variation in undrained shear strength with dejgtiré4-6c¢). For the first layer (S3), a constant

peak shear strength of sensitive clay is considered in the model, which is consistent with the DSS test. To

represent the sharp increase in shear strength after 15.5m, a sensitive clay layer (B3) with a higtnengtak

has been considered beyond this point. All material parameters of the simulation are summasabtiid.

The crust layer is defined with an elastic, perfectly plastic constitutive soil model.

Table4-4. Input parameters for the numerical simulation of the Saictde-Vincennes landslide

Parameter Crust Sensitive clay] Sensitive clay|

(C3) layer 1(S3) layer 2
(B3)

Natural weight ofoil, m 18 kN/n¥ 17 kN/n? 17 kN/n?

The coefficient of lateral eart| 0.5 05 05

pressure at rest,

Shear Modulus, G=- ; 4583kPa 4583kPa

Elastic Modulus, E 1000kPa - -

Undrained Poisson's ratip, 0.45 0.45 0.45

Peak shear strengif, 25 kPa 55 kPa 70 kPa

Peak shear strain, - 0.012 0.012

Remolded shear strengt, - 1.375 kPa 1.375 kPa

Residual strairy, - 1.95 1.95

Sitespeci fic constf- 0.945 0.945

Site-specific constant, - 2.9 2.9

When simulating reascale landslides, selecting an appropriate mesh size is crucial when dealing with

meshbased continuum numerical methods that incorporate stodianing features because they result in

meshdependent strain localization problems aaoh result in different failure and pesilure predictions

[162]. While simulating direct shear tests with a mesh size consistent with the soil specimen tested

2 lab

(laboratory scaleprovides accurate stresgain results, employing the same element size forsel

landslide simulations becomes computationally very expensive. On the other hand, while coarser n

3§ are

computationally more efficient, they can lead to erroneousoous if localization problems are not addre:
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The smeared crack approdeH] is a simple regularization technique that has been previously used in MPM to

address the issyd59, 163, 164] This approach assumes that the total work dissipated by a shear band is

equivalent to the fracture energy dissipated in a discrete crack, and consistency in the dissipated work across

shear bands of different element sizes ensures consistent resggdtive of the mesh size employ€his

can be achieved by conducting a series of numerical shear tests using various element sizes suitable for field

scale modeling. By calibrating large deformation parameters of the softening equation, it is possiblad

that the area under the strelisplacement curve (dissipated work) is equal for field scale and laboratory scale

element sizes. If the dissipated energy is equal in the shearing process, fadypesnovements should be

similar per the smeadlecrack approach.

To achieve this, direct shear tests are simulated for all three sites using a mesh size of 0.5m, which is the

mesh size adopted in the landslide models at the field scale. Both laboratory and field scale direct shear tests

provide individual stresstrain curves. The streadisplacement curves for each case are obtained by

multiplying the strain values by the element size. The dissipated energy in the shearing process is calculated by

integrating the areas under the stréisplacement curves for each elemsize. To reduce mesh dependency,

it is essential to ensure these areas are equal. Since the major part of thdisgti@ssment curves is

exponential, the most straightforward method to adjust the area under the curve is by modifying the exponent

ofthe curve, referred to

scale DSS simulation that produces an equal area under thedspasement curve obtained from the

laboratory scale DSS simulation.

The stressli spl acement curves

calibrated b vadhbledés ar

e

as the

b

val ue. Cal

presented in

Table4-5. Calibration off for 0.5m Element Size (ES)

brating

empl oy ed Figwer4-7,taidehe b

Parameter SainteMonique | SaintJude Sf'ilntLuc-de-
Vincennes

For Element Size 0.014m Sigpecific constany, | 2.9 2.5 2.9

For Element Size 0.5m Sispecific constant, 105 80 90
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(a) Sainte-Monique (b) Saint-Jude () Saint-Luc-de-Vincennes
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Figure4-7 (a-c). Calibration off for 0.5m Element Size (ES)
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Figure4-8. Totalvertical stress of the slope; (a) Sa#Menique, (b) Saintlude, (c) Saintuc-de-Vincennes

For all three cases, a singlbase total stress MPM formulation is considered; hence, excess pore

pressure is not calculated. It is generally believed that the undrained strain softening is the result of increased
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pore water pressure in undrained shearing. By implementing the stfééming behavior, the numerical model

captures the response of increased pore water pressure in undrained shearing, simulating the reduction in

effective stress and its impact on shegresistanceThe left and right boundaries were fixed horizontally, and

the bottom boundary was fixed vertically. The initial stress conditibiggife4-8) were generated by gravity

loading in drained condition using drained shear strength obtained from site investigation as presented in

Table 4-6 [17, 18, 161] As the clay is normally to slightly overconsolidated, the earth pressure

effecti ve

coefficient Ko was selected to be 0.5. The
Table4-6. Material parameters for the initial stress condition by gravity loading

Parameter C1l S1 Bl C2 S2 B2 C3 S3 B3
Effective
cohesion, A(O 3.7 3.7 0 7.7 7.7 2 7.6 7.6
(kPa)
Friction angle3 & 25 | 306|306 |35 |35 |45 |30 |32 |32
(Degrees)

The calculation process can be summarized in two main steps follows.

First, the stresses were initialized by applying gravity loading using drained soil strength

parameterdable4-6 using an elastoplastic Mol@oulomb constitutive soil model was used

without strain softening, and slope stability was attained. In this stage, the material behaves

mainly elastically, and failure was consistently not reached. The homogeneous localgdampin

in this stage was set to 0.75, given that stress initialization should be si@ti@gproblem, and

the approach of applying artificial local damping is utilized to enhance numerical convergence

speed, as recommended by Ceccato and Simdi&i5].

In the second calculation step, the failure is triggered by switching the material parameters to

be consistent with undrained conditions, as summarizédbie4-2, Table4-3, Table4-4 and

wi th the

cal

i brated

b

vTabled-% A Ibcal damPing®i®.02is e me n t

employed in this stage to facilitate dynamic analysis

104



4.6 RESULT AND DISCUSSION

4.6.1Failure mechanism observed in the simulation compared to the literature and field observation

4.6.1.1Sainte-Monique Landslide

After the gravity loadingRigure4-9a), the soil is stable with an undrained shear strength of 40kPa, and
the strain starts to localize in a thin shear band as soon as strain softening is activated froRigatept®0D).
Failure propagates horizontally through the layer opposite to the river producing a slide bottom "ba";
simultaneously, a slip surface "bc" is formed at an angle Y&llel to the slide bottoni{gure4-9c). When
stresses along "bc" reach near zero, the soil mass starts to slip, forming a wedgEitaioe4{9c). When
"abc" moves forward, the drag of this slip causes a rupture "de" almost parallel to "bc." By this time, the slide
bottom has already reached point "Bigure4-9d), and a secondary failure surface along "cd" creates a wedge
"cde". The wedge "cde" sinks from its original positioreating a graben which leaves a horst at "tfEdjure
4-9e). Thus, the whole strip "AA™ forms in a retrogressive and discontinuous mafigere4-9f) and slips
into the river with an almost horizontal (slightly inclined towards the bottom) translatory movement. During
the movement, tension cracks are formed within the wedges, contributing to the formation of horst and graben
like structures. Similayl, strips BB' Figure4-9j) form. During the formation of strip CCF{gure 4-9k), the
front portion of the moving debris is arrested on the other side of the river, and the landslide movement starts
to cease. Then, strips C&igure4-9n) and DD' Figure4-9p) are formed. After this point, no more tension
cracks are formed, and the formation of horst and grabens is straightforward, with the formation of primary and
secondary alternate failure surfaces, as presentejime4-9c-d. Similarly, strips DD', EE', and FF' forms,
each having one horst and one gratkegure4-9l-n). The landslide completely stops when strip FF' propagates
about 4m from its original positiorFFigure 4-9n). The final retrogression distance is about 103m from the
original position of the crest. The tip angles of the horsts are 70 degrees on average. The failure observed
mechanism perfectly complies with the description of the spread mechan@aestad78] andCarson70]

as summarized iWrmi et al.[150].

The numerical simulation accurately captured the retrogression observed in the field, resulting in a

similar retrogression distance and pfasture geometry Figure 4-10). The cresto-crest retrogression was
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100m observed in the field and 103m as per the numerical model. A comparison of the simulatidaisipost

features with the field observation by Locat e{&r] reveals several similarities.

1 The landslide debris remained inside the crater, with the opposite side of the brook obstructing
the flow and resulting in minimal lateral movement, as observed in the field.

1 Several ridges were visible with intact material, and some had sharp tips pointing upwards,
referred to as horsts, with tip angles mostly varying between 70 degrees. The field observations
noted that the tip angle of the horst closely resembled the &aitive angle observed in eastern
Canadian clays, approximately 60 degrees. Other blocks within the debris had flat, horizontal
tops called grabens, which were not entirely separated and could be connected by vegetation,
as observed in the field.

1 The soil mass moved horizontally in an active failure mode, similar to the field.
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Figure4-9. The failure mechanism of simulated retrogressive Safaeique landslide
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Figure4-10. Comparison of the posilure geometry of the simulated model and field observation by Locat
et al.[17] of SainteMonique landslide

4.6.1.2Saint-Jude landslide

After the gravity loading (a), the slope is stable with an undrained shear strength of 55kPa, and the strain
starts to localize in a thin shear band as soon as strain softening is activated fromFagejpe3i11b). A
circular failure surface, fabcd forms from the toe
resulting from the large straining and the stisdfitening behavior, the clay within becomes fully remolded,
and the slope mass starts displaciogdrds the river in a translatory movemehig(re 4-11c). As strain
concentration intensifies within the shear band, the enclosed soil mass experiences lateral spreading. This lateral
expansion leads to strain localization within the central portion of the moving soil, dividing the soil mass into
two distinctsegmented block$-{gure4-11d-e). The movement of the liquified debris generates another failure
surface, |l abeled Adef, 0 characterized by numerous s
mass into segmented blocks. These segmented blocks appear as horst andggradratly observed in spread
failures. This mechanism of spread failure is similavitdlard and Hughes& 9] description of spread failure.

The third and final rupture occurs as a wedge fighi,
failure is triggered, with a final crest-crest retrogression distance of 70m, which is 10m less than that of the

field observation. The prediction of the model was 87.5% accurate. Despite this difference, -fladupest

geometry of the simulated slope is very similar to the field observdtigure 4-12). A comparison of the

simulation's postailure features with the field observationlbycat et al[18] reveals the following similarities

and deviations.
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The failure surface was identified as 2.5m below the river's level by CPTu and progressed nearly
horizontally for 100 m within the undisturbetbposit. In the numerical analysis, the failure
surface formed around 3m beneath the river elevation and propagated roughly 65m horizontally
within the intact deposit.

In line with the field data, the modeled slope moved to the opposite side of the river, causing
minimal disturbance in the debris. Behind it, the soil mass split into multiple segments, adopting
horst and graben formations.

A secondary failure surface, approximately 10m higher than the primary one, was also identified
using CPTUs. In contrast, the failure surfaces in the model were at the same elevation.

The simulated debris movement was mainly translational with minimal or no rotation with a
continuous failure surface, as observed in the field.

The location of the crust layer after failure observed in both the field and the numerical analysis

closely align with each other, as illustratedrigure4-13.
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Figure4-11. The failure mechanism of simulated retrogressive Shide landslide
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Observed ground surface profile after the Displacement Tracking the displacement of material
failure of cross-section BB’ vectors points from the initial location of the house

: Y
| | Displacement | H |
| | vector H [ l| | B
| |
|
........................... I
! | surface \ | . ; |
(b) O S U / '
T T T T T T T T T T T T
0 20 40 60 80 100 120 (m) 140 160 180 200 220 240

Figure4-12. Comparison of the posailure geometry of the simulated model and field observation of-Saint
Jude landslide of Locat et §1.8].

Figure4-13. Comparison of the position of the crust layer the numerical simulation of this study with Locat et

al. 18] postfailure field observations of Saidude landslide.

4.6.1.3Saint-Luc-de-Vincennes

After the initial gravity loading as depicted Figure 4-14a, the soil remains stable, exhibiting an

undrained shear strength of 55kPa. However, upon activating strain softening from step 3, as illustrated in

Figure4-14b, strain begins to localize within a narrow shear band. This shear band formation is analogous to
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