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Abstract 21 

Spreads are a type of large landslides occurring in sensitive clays. Stability analyses using limit 22 

equilibrium method give too large factors of safety and are therefore not applicable to this type of 23 

landslide. The progressive failure mechanism is believed to explain the initiation and propagation of 24 

the failure surface and the dislocation of the soil mass in horsts and grabens, typical of spreads. A 25 

numerical method is presented in order to identify the parameters influencing progressive failure and to 26 

validate the application of this mechanism to spreads. The method evaluates the stresses acting in the 27 

slope before failure and models the initiation and propagation of the progressive failure. It is 28 

demonstrated that high, steep slopes, with large earth pressure ratio at rest are more susceptible to 29 

progressive failure and the latter propagates over a large distance. Failure is more likely to occur when 30 

soil with high brittleness is involved. Soil with low strength at large deformation induces failure 31 

propagation over a larger distance. Eastern Canadian clays can exhibit a high sensitivity and a large 32 

brittleness during shear and are susceptible to progressive failure which explains the occurrence of 33 

spreads in these soils. 34 

Key words: Progressive failure, spreads, sensitive clays, stresses in slopes, brittleness. 35 
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Résumé 37 

Les étalements sont de grands glissements de terrain survenant dans les argiles sensibles. Les méthodes 38 

d’analyse de la stabilité utilisant la méthode à l’équilibre limite donnent des coefficients de sécurité 39 

élevés et ne peuvent s’appliquer à ces glissements. Le mécanisme de rupture progressive expliquerait 40 

l’initiation et la propagation de la surface de rupture et la dislocation du sol en horst et en grabens, 41 

typiques aux étalements. Une méthode numérique est présentée afin d’identifier les paramètres 42 

influençant la rupture progressive et de valider son application aux étalements. Cette méthode évalue 43 

les contraintes présentes initialement dans le talus et modélise l’initiation et la propagation de la rupture 44 

progressive. Il est démontré que les hautes pentes, fortement inclinées ayant un coefficient de pression 45 

des terres au repos élevé sont susceptibles à la rupture progressive et que celle-ci se propage sur une 46 

grande distance. La rupture est favorisée par un sol ayant une grande fragilité lors du cisaillement. Une 47 

faible résistance à grande-déformation du sol favorise une grande distance de propagation. Les argiles 48 

de l’est du Canada, pouvant présenter une forte sensibilité et une grande fragilité lors du cisaillement, 49 

sont donc susceptibles à la rupture progressive et celle-ci explique l’occurrence d’étalements dans ces 50 

sols. 51 

Mots-clés : Rupture progressive, étalements, argiles sensibles, contraintes dans les pentes, fragilité. 52 

  53 
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1. Introduction 54 

In sensitive clays, large landslides, classified as spreads by Cruden and Varnes (1996), involve the 55 

translation and dislocation of the soil mass in blocks having horst and graben shapes (Figure 1). These 56 

landslides occur in clay deposits and are generally triggered by natural phenomena arising from the 57 

gradual erosion going on near the toe of the slope (Demers et al. 2013). One case was reported to be 58 

triggered by pile driving in the municipality of Ste-Madeleine-de-Rigaud (Carson 1979). In several 59 

cases, the failure surface was located with piezocone tests performed inside the debris of the landslide 60 

(Locat 2007; Locat et al. 2008, 2011b; Fortin-Rhéaume 2013). It was observed that the failure surface 61 

or shear zone generally starts near the toe of the slope and progresses quasi-horizontally into the 62 

deposit. The soil above the shear zone then dislocates into several blocks of more or less intact material 63 

having horst and graben shapes, which results in a spread as illustrated on Figure 1. Angle of the tips of 64 

horsts has value around 60° from the horizontal, corresponding to active failure occurring by lateral 65 

stress reduction during shearing for Canadian sensitive clays (Locat et al. 2011a). This angle is similar 66 

to the one observed in undrained triaxial compression tests on intact overconsolidated natural clays. 67 

The dislocation of the soil mass is believed to occur quite rapidly, as indicated by witnesses of the 1989 68 

Saint-Liguori spread (Grondin et Demers 1996) and can have disastrous consequences, as exemplify by 69 

the tragic death of a family of four in the 2010 Saint-Jude landslide (Locat et al. 2011b). The rapidity of 70 

these events indicates that the water pressures generated during these landslides do not have the time to 71 

dissipate during failure. Dislocation of the soil mass in horsts and grabens is therefore believed to occur 72 

essentially in undrained conditions. These morphologic features in the crater of spreads distinguish 73 

them from other large landslides occurring in sensitive clays such as flows leaving empty craters 74 

(Demers et al. 2013). Karlsrud et al. (1984) noted that combination of different types of landslides can 75 
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also occur in on event. The Mink Creek landslide, in British Columbia (Geertsema et al. 2006), is a 76 

good example where flow and spread occurred successively in one landslide event. 77 

Clays from Eastern Canada can be sensitive and can show a strain-softening behaviour in undrained 78 

conditions, and may therefore be susceptible to progressive failure (Lo 1972, Leroueil et al. 1983; 79 

Locat 2007; Ouehb 2007; Locat et al. 2008; Fortin-Rhéaume 2013). Spreads in Eastern Canada 80 

sensitive clays occur suddenly, cover large areas and conventional limit equilibrium stability analyses 81 

give safety factors above unity for these landslides (Demers et al. 2013). Previous studies (Odenstad 82 

1951, Carson 1977 and 1979b) have considered spreads and suggested failure mechanism for this 83 

particular type of landslides. They mainly focused on the dislocation of the soil mass in horsts and 84 

grabens, without explaining the progression of the quasi-horizontal failure surface under those blocks. 85 

Recent studies (Locat et al. 2008; Locat et al. 2011a; Locat 2012; Quinn et al. 2011 and 2012) brought 86 

forward the hypothesis that these landslides can be explained by progressive failure. 87 

In the progressive failure mechanism the soil exhibits a stress-strain behaviour of the soil, including 88 

post peak strain-softening, to propagate shear stresses and deformations along a shear zone (Terzaghi 89 

and Peck 1948; Skempton 1964; Bishop 1967 and 1971; Bjerrum 1967; Christian and Whitman 1969; 90 

Bernander 2000, 2008 and 2011; Urciuoli et al. 2007). In the case of spreads, according to Locat et al. 91 

(2011a) and Quinn et al. (2011 and 2012), failure is initiated near the toe of the slope and propagates 92 

essentially horizontally into the intact deposit, reducing horizontal stresses in the deposit (upward 93 

progressive failure as described by Locat et al. 2011a). If the horizontal total stress becomes less than 94 

the active resistance of the soil mass above the shear zone, the soil mass in the slope may break into 95 

blocks of more or less intact material having horst and graben shapes. As failure propagates inside the 96 

deposit, a larger zone may reach active failure leading to the formation of a succession of horsts and 97 
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grabens. Spreads are therefore the results of progressive failure and active failure of an extensive part 98 

of the soil mass above the failure surface. 99 

According to Locat et al. (2011a), the following conditions and stages for initiation and propagation of 100 

progressive failure in clay deposits, triggered by phenomena like erosion at the toe of the slope, are: 101 

 The soil must have a post peak strain-softening behaviour during undrained shear deformation 102 

including a large-deformation shear strength (τld) lower than the initial shear stress (τo) near the 103 

toe of the slope. 104 

 A critical disturbance (ΔσcrU) has to be applied so that the peak shear strength (τp) can be 105 

exceeded. The soil will then soften and progressive failure can be initiated. 106 

 Once the failure is initiated, it propagates under no additional disturbance than ΔσcrU and the 107 

large-deformation shear strength (τld) is gradually mobilised along the failure surface. The 108 

failure propagates further inside the deposit, where the shear stress (τo) is lower, and stops when 109 

ΔσcrU is completely distributed along the shear zone. 110 

 During failure propagation, the horizontal stresses in the soil mass above the shear zone 111 

decreases and might reach the undrained active strength of the soil (σAct) along a section of the 112 

deposit and lead to the formation of multiple horsts and grabens  along that section, resulting in 113 

a spread. 114 

The progressive failure mechanism has been numerically studied in the context of failure initiated near 115 

the toe of clay slopes for which the entire soil mass has a strain-softening behaviour by Lo (1972), Lo 116 

and Lee (1973a and b) and Kovacevic et al. (2004 and 2007). In addition, it has also been applied to the 117 

context of large landslides in long gently inclined clay slopes by Andresen and Jostad (2004 and 2007) 118 

and Gylland et al. (2010) with the finite element program BIFURC, developed at the Norwegian 119 

Geotechnical Institute. The program has been applied to slopes, formed of sensitive clays, in which 120 
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progressive failure is initiated upslope and progresses downslope causing passive failure (downward 121 

progressive failure according to Bernander 2000, 2008 and 2011 and Locat et al. 2011a). Quinn et al. 122 

(2011 and 2012) use an approach involving fracture mechanics, introduced by Palmer and Rice (1973) 123 

for clay slopes, to understand large landslides occurring in sensitive clays. In addition, Locat et al. 124 

(2011a) extended Bernander (2000, 2008 and 2011) progressive failure mechanism to spreads in order 125 

to introduce a failure mechanism explaining these landslides. These studies indicated that initiation and 126 

propagation of progressive failure in Eastern Canadian clay slopes could explain the occurrence of 127 

spreads. However, progressive failure analysis has never been used to study spreads occurring in 128 

sensitive clays. 129 

Bjerrum (1967), studying progressive failure in overconsolidated plastic clays and clay shales, as well 130 

as Lo and Lee (1973a and b) and Kovacevic et al. (2004 and 2007), modeling progressive failure in 131 

excavated clay slopes, stated that initial geometry and earth pressure ratio at rest (Ko) influence 132 

progressive failure initiated near the toe of slopes. In particular, Lo and Lee (1973a and b) showed that 133 

an increase in slope height and inclination increases the proportion of the failure surface along which 134 

the strength of the soil has fallen down to the large deformation shear strength.. It was observed that Ko 135 

departing from unity resulted in larger zones in the slope where failure occurred. Bernander (2000, 136 

2008 and 2011), Bernander and Olofsson (1981a and b) and Gylland et al. (2010) showed that soils 137 

with higher sensitivity and lower stiffness increase the susceptibility of infinite slopes to progressive 138 

failure. 139 

Quinn et al. (2011 and 2012) extended a model by Palmer and Rice (1973) using fracture mechanics to 140 

large landslides in sensitive clays. The fracture mechanism approach uses the fracture energy, defined 141 

by the area under the stress-displacement curve from the peak shear strength to the large-deformation 142 

shear strength, to explain the progressive failure propagation. In this mechanism, a given failure surface 143 
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propagating over a critical distance may release sufficient strain energy to initiate a progressive failure 144 

propagating further inside the deposit. Quinn et al. (2011) deduced from fracture mechanism that 145 

brittleness influences the susceptibility to progressive failure initiation and the potential for large 146 

failure propagation. 147 

According to the studies mentioned above, the factors influencing progressive failure initiation and 148 

propagation can be divided in two types regarding their influence: (i) those defining the initial stress in 149 

a slope prior to a landslide (initial slope geometry and Ko); and (ii) those defining the soil behaviour 150 

during progressive failure (strengths, brittleness and stiffness of the shear zone and soil mass above it). 151 

The objective of this study is to identify factors leading to progressive failure initiated near the toe of 152 

sensitive clay slopes that generate spreads and their influence on the initiation and extent of the failure. 153 

In order to achieve this objective, the finite element software PLAXIS 2D 2010 (PLAXIS Manuals 154 

2011) is used to calculate the shear stresses in a slope before failure and the finite element program 155 

BIFURC (Jostad and Andresen 2002) is used to model progressive failure with the initial stresses from 156 

PLAXIS. The paper begins with a description of the numerical method used. The results of the study 157 

showing the effect of the stresses in slopes and soil behaviour on progressive failure are then presented. 158 

Finally, the results are discussed to get better understanding of the process and factors controlling 159 

spreads in sensitive clays. 160 

2. Method 161 

2.1. Definition of progressive failure 162 

The progressive failure mechanism as described by Locat et al. (2011a) is illustrated on Figure 2. 163 

Figure 2a, presents the geometry of a slope having a height (H) and an inclination (θ) resulting from 164 
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valley formation and is typical of Eastern Canadian slopes where spreads occur. In this case, the 165 

potential shear zone is represented as a dashed line in Figure 2a. In this schematic example, the 166 

potential failure surface is assumed to be horizontal and to start at the toe of the slope. This assumption 167 

is based on studies of spreads where the failure surface was located with piezocone tests (Locat 2007; 168 

Locat et al. 2008, 2011b; Fortin-Rhéaume 2013) and was found to be inclined close the horizontal. The 169 

initial shear stress (τo(x)) along this potential failure surface and the average initial horizontal total 170 

stress (σxo(x)) above the potential failure surface before failure are shown by dashed lines on Figures 2b 171 

and c, respectively. The shear stress initially present in the slope is near zero away from the crest of the 172 

slope and is maximal at a point such as A (τo max), under the slope. The average horizontal total stress 173 

(σxo(x)) is at its maximum value at the left boundary and begins to decrease at some distance behind the 174 

crest of the slope and reaches a minimum at the toe of the slope.  175 

The movement of the soil mass during a spread is considered to be mainly horizontal and shear is 176 

assumed to be localised to the shear zone in which the failure surface develops. The behaviour of the 177 

potential shear zone is therefore considered to be similar to simple shear. In a progressive failure 178 

analysis, it is generally assumed that the soil exhibits strain-softening stress-strain behaviour with peak 179 

shear strength (τp) and a lower large deformation shear strength (τld) (Bishop 1967 and 1971; Bjerum 180 

1967; Lo 1972; Lo and Lee 1973a and b; Bernander 2000, 2008 and 2011; Leroueil et al. 2012). Strain-181 

softening stress-displacement behaviour is therefore assumed for the shear zone, with peak shear 182 

strength (τp) and a large-deformation shear strength (τld) reached at corresponding horizontal 183 

displacements δp and δld respectively, as shown on Figure 2d. In addition, the soil above the potential 184 

failure surface or shear zone is considered to be elastic with an undrained active strength (σAct, Figure 185 

2c). 186 
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Let us assume that, due to a small landslide near the toe of the slope (for example dashed line BC on 187 

Figure 2a), unloading initiates a shear zone at point A, where the initial shear stress is maximal (τo max) 188 

and closer to the peak shear strength of the soil (τp) (time 1 on Figures 2e and f, arrow at point A is 189 

pointing in the failure propagation direction). Figures 2e and f show resulting distributions of the shear 190 

stress (τ1(x)) along the potential failure surface and the average horizontal total stress (σ1(x)) above the 191 

potential failure surface at time 1. It can be seen that the peak shear strength is mobilised at point b and 192 

that the strength of the soil decreases between b and A (Figure 2e, curve τx1(x)), following the post-193 

peak softening stress-displacement behaviour of the soil (Figure 2d). According to horizontal 194 

equilibrium (Figure 3), the change in total horizontal stress (Δσx) corresponding to a change in shear 195 

stress during failure (τx - τo) over a length (L) along the potential shear zone can be calculated with the 196 

following equation: 197 

[1] ∆σx =  
∫ (τx - τo)dL

L

0

Hx
 198 

where Hx is the height of the soil mass at a point x along the potential failure surface. 199 

Further shear will decrease the shear strength at point A (Figure 2e) to the large-deformation shear 200 

strength. This loss of strength may lead to negative values of (τx - τo) in Equation 1 and of Δσx at point 201 

A, indicating a decrease of resistance along the potential failure surface with increasing shear. 202 

According to Bernander (2000, 2008 and 2011) and Locat et al. (2011a), this defines a condition where 203 

the failure propagates in the shear zone under no additional unloading (Δσx) at point A. Thus, Δσx at 204 

point A at time 1 on Figures 2e and f defines a critical maximum unloading stress (ΔσcrU) that can be 205 

applied at point A before initiation of instability along the potential failure surface. Initiation of 206 

instability is defined here as the maximum resisting unloading stress that the soil can offer under 207 

increasing shear (limit when Δσx starts to decrease). Under further shear deformation, the soil loses 208 

strength as it continues to soften and progressive failure is initiated. 209 



11 

 

ΔσcrU can be calculated by integrating the shear stress along the shear zone for increasing Δσx to find 210 

the value where it starts to become negative according to Equation 1: 211 

[2] ∆σcrU =  
∫ (τx - τo)dx

a
A

HA
  212 

where the distance between A and a defines the length of the shear zone when ΔσcrU is applied and HA 213 

is the height of the slope at point A (see Figure 2e and f). ΔσcrU may physically be caused by a 214 

landslide, rapid unloading by erosion or excavation at point A. Δσres represents the total horizontal 215 

stress at point A remaining after instability initiation. 216 

If the critical unloading stress (ΔσcrU) defined above is reached, progressive failure is initiated and 217 

progresses inside the soil mass. Falling dominoes can be used as an analogy to progressive failure. The 218 

critical unlading stress initiating progressive failure can be picture as the fall of the first domino 219 

destabilising the nearby dominoes. Once the failure is initiated, the failure propagates in more stable 220 

ground away from the crest of the slope until the critical disturbing stress (ΔσcrU) is completely 221 

distributed along the shear zone (Time 2 on Figure 2g and h). The failure may propagate until 222 

equilibrium is established between the critical unloading stress and the shear stress along the shear 223 

zone. Figures 2g and h present the shear stress and average horizontal total stress (curves τx2(x) and 224 

σx2(x) respectively) once the failure has finished to propagate (time 2). The large-deformation shear 225 

strength (τld) is now mobilised at point A and along a portion of the failure surface (curve τx2(x) on 226 

Figure 2g). The average horizontal total stress in the slope decreased as the failure propagated and is 227 

now at the undrained active strength (σAct) of the soil over a given length along the failure surface 228 

(curve σx2(x) Figure 2h). In order to redistribute the disturbance ΔσcrU applied at point A, the shear zone 229 

progressed into the deposit up to point a’, located at a distance where the effect of the unloading is 230 

negligible. The final propagation distance of the failure (Lf) is measured from point A to b’, where the 231 

peak shear strength is mobilised at time 2. The retrogression distance of the failure (LR) is measured 232 
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from the crest of the slope before failure to point b’. At time 2, and possibly even before, the horizontal 233 

stress has reached the undrained active strength (σAct) over a given length along the failure surface. 234 

Under this failure process, as suggested by Locat et al. (2011a), the soil mass above the shear zone 235 

extends and dislocates into horsts and grabens that translate downslope, as they partly subside into the 236 

remoulded clay of the shear zone. Dislocation of the soil mass results from the propagation of the shear 237 

zone, and consequently active failure and lack of support from the remoulded shear zone. A crucial 238 

aspect of the failure mechanism presented herein is that failure propagation and dislocation of horsts 239 

and grabens are considered to be essentially independent processes. A detailed description of the failure 240 

mechanism used in this study is given by Locat et al. (2011a). 241 

2.2. Assumptions and methods 242 

In this study, the modeling of progressive failure is done in two steps: (i) calculation of initial stresses 243 

in the slope with the finite element software PLAXIS 2D 2010 (PLAXIS Manuals 2011) by unloading 244 

of a river valley; and (ii) modeling of the initiation and propagation of progressive failure with the 245 

finite element code BIFURC (Andresen and Jostad 2004 and 2007; Jostad and Andresen 2002). This 246 

section describes the assumptions and limitations of the methods of both calculation steps with their 247 

respective geometry, mesh, boundary conditions and constitutive soil models. 248 

The modeling is done with the following assumptions and limitations: 249 

 The slopes where spreads occur in Eastern Canada have been formed by river erosion and can 250 

generally be modeled as an unloading process of an initially horizontal deposit. 251 

 The valley formation takes place over thousands of years and is considered as a drained process. As 252 

illustrated by Leroueil (2001), pore pressures near excavations made in Eastern Canada clay takes 253 
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only few months to few years to reach equilibrium, the assumption of drained conditions therefore 254 

seems valid. 255 

 The failure surface was located with piezocone tests for several cases of spreads. In most of the 256 

studied cases, it starts near the toe of the initial slope and propagates almost horizontally into the 257 

deposit (Locat 2007; Locat et al. 2008; Fortin-Rhéaume 2013). It is therefore assumed in this study 258 

that the failure surface is horizontal and located at the elevation of the toe of the initial slope. 259 

 During progressive failure: 260 

 The process is rapid and considered to be undrained. 261 

 Ground movement in a spread is generally translational with subsidence (Cruden and Varnes 262 

1996). It will be assume here that shear strains are limited to a shear zone in which a potential 263 

failure surface may develop by progressive failure. 264 

 Soil layer above the shear zone is laterally unloaded (decrease of horizontal stress and 265 

corresponding change in horizontal displacement). 266 

 Uniform displacement over the height of the soil layer above the shear zone is assumed to 267 

simplify the numerical model. 268 

 The shear zone has a stress-strain-softening behaviour during shearing. 269 

 Uniform strain is assumed over the height (t) of the shear zone. 270 

 Elastic stress-strain behaviour is assigned to the soil layer above the shear zone. 271 

 No strain rate effect is taken into account. 272 

 No inertia effect is taken into account (quasi-static response). 273 

 The unloading triggering the failure may decrease as failure propagates (see section 2.4.3). This 274 

reduction might be explained by factors not taken into account in the present analyses, such as 275 

inertia effect, strain-rate effects, or geometrical changes of the soil mass (Andresen and Jostad 276 

2004; and Gylland and Jostad 2010). 277 
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2.3. Evaluation of initial stresses in slopes 278 

The finite element software PLAXIS 2D 2010 (PLAXIS Manuals 2011) is used to determine the 279 

stresses in a horizontal deposit where a river valley is being formed in drained conditions. The initial 280 

conditions are those conditions prevailing in the horizontal deposit before erosion and the results of this 281 

step are the stresses in the slope after valley formation, in particular the shear stresses along a 282 

horizontal surface at the elevation of the toe of the slope. 283 

2.3.1. Geometry, mesh and boundary conditions 284 

Before valley formation: 285 

An example of geometry, mesh and boundary conditions before valley formation is presented in Figure 286 

4a. Initially, before valley formation, the deposit is horizontal. The bottom of the model is at a depth 287 

3H (H is the height of the considered slope and the depth to the lower boundary under the toe of the 288 

slope taken to be 2H). This is, of course a simplification and the depth of the lower boundary may be 289 

adjusted according to an actual case study. The model from the left boundary to the crest of the slope is 290 

500 m long, which is considered long enough for the left boundary not to be affected by the valley 291 

formation occurring near the right boundary. The total length of the model is 500 m plus the horizontal 292 

length of the slope from its crest to its toe (Ls) plus H. The valley is assumed to be symmetric. 293 

The mesh is made of triangular elements with 15 nodes and is refined near the final profile of the slope. 294 

The number of elements will vary according to the size of the model (a function of H and Ls). The left 295 

and right boundaries are fixed in the horizontal direction and the bottom boundary is fixed in both 296 

directions. The water table level follows the ground surface, which is a reasonable assumption in the 297 

Quebec climatic context. 298 
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After valley formation: 299 

After valley formation, the elements forming the valley are deactivated from the model in drained 300 

conditions. The geometry, the mesh and the boundary conditions after valley formation are presented in 301 

Figure 4b. The slope has a height (H) and an inclination (θ). The bottom of the valley is horizontal and 302 

has a width that has been taken equal to 2H (1H in half-model). 303 

The left, right and bottom boundaries are considered impervious. The ground water head (h) is adjusted 304 

to have zero water pressure at the ground surface along the top of the deposit, from the left boundary to 305 

the crest of the slope, and the bottom of the river valley. The slope itself is considered as a free 306 

boundary where water can flow freely. 307 

2.3.2. Soil model and parameters 308 

The Hardening Soil Model, available in PLAXIS, is used in the calculation of the initial shear stresses. 309 

Figure 5 shows the basic characteristics and input parameters of the model which are according to 310 

PLAXIS Manuals (2011): 311 

 A reference tangent oedometer modulus during virgin loading (Eoed
ref , see Figure 5a); 312 

 A reference secant Young modulus at 50% shear strength  mobilisation (E50
ref, see Figure 5b); 313 

 A reference unloading / reloading modulus at 50% shear strength  mobilisation (Eur
ref, see Figure 5b); 314 

 A hyperbolic stress-strain relationship for the axial strain (ε1) and deviatoric stress (q) during shear 315 

defined by a failure ratio (Rf = q
f

q
a

⁄ , see Figure 5b) of the ultimate deviatoric stress at failure (qf) 316 

and the asymptotic value to which tends the relationship (qa); 317 

 A Poisson’s ratio for unloading / reloading (ν’ur); 318 

 Stress dependency for all stiffness parameters moduli (E), which follows expressions similar to:  319 
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[3] E = Eref (
σ'i + a

pref + a
)

m

 320 

where a is equal to a = c’ cot ’, pref a reference pressure where the input reference modulus Eref is 321 

valid, σ’i is the stress, and exponent m is the amount of stress dependency; 322 

 Failure parameters defining the Mohr-Coulomb criterion: cohesion (c), friction angle (’), and 323 

dilatation angle (ψ); 324 

 Isotropic hardening connected to two plastic yield surfaces: (i) a cone hardening giving plastic strain 325 

controlled by increase of mobilised friction and (ii) a cap hardening giving plastic volumetric strain 326 

controlled by the preconsolidation stress (p’c, see Figure 5c). 327 

Readers are refered to PLAXIS manuals (2011) for detailed information on this soil model. 328 

Parameters values for the Hardening Soil Model used in this study are presented in Table 1. The soil 329 

tangent oedometer modulus (Eoed
ref ) value, for a reference pressure (pref) of 100 kPa, chosen in the 330 

present study is 21000 kPa. This value is representative of an Eastern Canadian clays with 331 

preconsolidation stress (σ’p) of 233 kPa for pref of 100 kPa (according to Leroueil et al. 1983: Eoed ≈ 90 332 

σ’p = 90 x 233 kPa ≈ 21000 kPa). The reference secant Young modulus at 50% shear strength 333 

mobilisation (E50
ref) is taken to be equal to the tangent oedometer modulus (According to PLAXIS 334 

manuals 2011: E50
ref ≈ Eoed

ref  = 21000 kPa) and the reference unloading / reloading modulus at 50% shear 335 

strength  mobilisation (Eur
ref) is taken to be equal to three times the reference secant Young modulus at 336 

50% shear strength mobilisation (According to PLAXIS manuals 2011: Eur
ref =  3E50

ref = 63000 kPa). As 337 

indicated in PLAXIS manuals (2011), m should be equal to 1 for soft clays. A value of 0.9 for Rf has 338 

been chosen, which is the default value in Plaxis. The Poisson’s ratio (ν’ur) was taken equals to 0.25 339 

since the soil is deforming in drained conditions. A cohesion (c’) of 35 kPa and a friction angle (’) of 340 

35° have been kept constant throughout the analyses and chosen in order to keep the slope stable for 341 

the entire parametric study for which the maximum slope inclination and height are 30° and 30 m, 342 
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respectfully. The dilatancy angle (ψ) has been taken equal to zero and the unit weight of the soil has 343 

been taken equal to 17 kN/m3. The type of soil selected for the flow parameters is set to be very fine 344 

and, the hydraulic conductivity is assumed isotropic and equal to 10-9 m/s. The other parameters are set 345 

to the default values defined by PLAXIS (see PLAXIS Manuals 2011 and Table 1). The values 346 

described above have been kept constant throughout the analysis and their effect is considered to be 347 

negligible for this study. 348 

2.3.3. Numerical method 349 

Initial conditions: 350 

The initial conditions in the horizontal deposit are calculated using the Ko procedure (see PLAXIS 351 

Manuals 2011). To observe the effect of Ko on progressive failure, Koi values varying between 0.5 and 352 

1.5 were used. These ranges of Koi are large for sensitive clays and are chosen to make sure that the 353 

effect of Koi is well taken into account in the analysis. 354 

The initial pore water pressures are considered hydrostatic and calculated on the basis of the water table 355 

level. 356 

Drained unloading: 357 

To model the formation of the river valley, the cluster forming the river valley is deactivated in one 358 

step in drained conditions using the drained calculation option in PLAXIS (see PLAXIS Manuals 359 

2011). In the same calculation, the water table level is put to the final ground surface and the boundary 360 

conditions described above are defined. The water pressures are calculated according to these 361 

conditions in a steady state ground water flow calculation (see PLAXIS Manuals 2011). 362 
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The horizontal shear stress (τo) along a horizontal section crossing the entire mesh at the river elevation 363 

(see dashed line on Figure 4b) is an output from the calculation. These shear stresses are used to 364 

calculate the corresponding average total horizontal stress (σxo) in the soil above the shear zone, with 365 

the following equation from horizontal equilibrium: 366 

[5] σxo j = 
Ej-1

Hj-1
 + 

ΔEj

Hj
 = σxo j-1 + 

τo average jLj

Hj
  367 

where j and j-1 are successive vertical sections separated by length Lj, ΔEj is the change in horizontal 368 

force due to earth pressure in the soil above the shear zone over the length Lj, Hj is the height of the soil 369 

above the cross-section over which the average horizontal total stress σxoj applies and τo average j is the 370 

average shear stress along the length Lj (see Figure 6). Calculations are done from the left boundary to 371 

the toe of the slope. 372 

2.4. Modeling progressive failure 373 

Stresses calculated from the PLAXIS analysis are used as initial conditions in the analysis of 374 

progressive failure initiation and propagation with BIFURC. The numerical method of this progressive 375 

failure analysis is described in this section. 376 

2.4.1. Element types, mesh and boundary conditions 377 

The soil mass is divided into two different parts: (i) an upper soil layer, deforming laterally above (ii) a 378 

shear zone (Figure 7a). A horizontal, linear shear zone is presented on Figure 7 and is used in this 379 

study. A local coordinate system is used where the x- and z-axis are respectively oriented parallel and 380 

perpendicular to the ground surface and the potential failure surface (see Figure 7a). 381 

Elements modeling the upper soil layer above the shear zone are 3-noded truss elements with two 382 

displacement degrees of freedom at the nodal points, δx and δz (Figure 7b). The height (H) of those 383 
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elements may vary from node to node and defines the geometry of the problem along with the location 384 

of the nodes. Those elements may be subjected to loading or unloading in the x-direction. The 385 

displacement is assumed constant over the height of the elements. 386 

The displacement δx along the interface at the top of the shear zone is modeled with 6-noded 387 

isoparametric (zero thickness) interface elements with two displacement degrees of freedom in the 388 

nodal points, δx and δz (Figure 7b). 389 

The mesh is formed with one bottom layer of interface elements and a top layer of truss elements (see 390 

Figure 7c). The lower boundary of the mesh is fixed in both directions. The upper nodes of the 391 

interface elements are common with the nodes of the truss elements. As the interface elements 392 

represent the interface at the top of the shear zone, the height of the model is defined by the height of 393 

the truss elements. In all cases modeled in this study, the mesh has a length of 500 m and is divided in 394 

1000 truss elements and 1000 interface elements of same length. 395 

2.4.2. Constitutive soil models 396 

In this study, the shear zone is assigned a strain-softening stress-strain behaviour as schematised in 397 

Figure 8a. The behaviour is defined by a peak shear strength (τp), a large-deformation strength (τld) and 398 

corresponding shear strains (γp and γld). The post-peak strength is assumed to decrease linearly with 399 

increasing shear strain. The hypothesis of this study is that the shear zone of thickness t deforms in 400 

conditions similar to an idealised direct simple shear tests (fixed bottom and horizontal shear stress 401 

applied at the top are assumed). The displacement along the interface at the top of the shear zone δx can 402 

be calculated from the shear strain γzx over the entire thickness of the shear zone: 403 

[7] δx  =  ∫ γ
zx

dz
t

o
  404 
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Considering uniform shear strain (γzx) distribution over the thickness of the shear zone and constant 405 

shear zone thickness (t), the horizontal displacement at the top of the shear zone is equal to: 406 

[8] δx = γ
zx

 × t 407 

The horizontal displacement when the peak shear strength of the soil is mobilised is thus equal to: 408 

[9] δp  =  γ
p
 × t  409 

In the post-peak domain, the strength of the soil decreases linearly to its large-deformation shear 410 

strength (τld). The shear strain distribution is still considered uniform in the post peak behaviour and the 411 

displacement at which the large-deformation shear strength is mobilised can be calculated using: 412 

[10] δld  =  γ
ld

 × t  413 

Using Equations 8 to 10, the stress-strain behaviour of the shear zone is converted to a stress-414 

displacement curve input for the interface element representing the top of the shear zone of a given 415 

thickness t (Figure 8). The thickness of the shear zone is taken into account in the stress-displacement 416 

relationship input to the interface element, as shown on Figure 8. Therefore, the interface elements 417 

represent the interface at the top of the shear zone and have zero thickness in the numerical model. 418 

The estimation of the shear zone thickness on a landslide scale is not easy to assess. Leroueil (2001) 419 

explains, using observations from various cases in different materials, that shear surfaces are generally 420 

surrounded by shear zones with a thickness varying from a few centimeters to a few decimeters, 421 

depending on the material and the displacement involved. In the present study, a shear zone thickness 422 

of 0.5 m is assumed. More research is needed to define the shear zone characteristics. 423 

An example of a stress-strain behaviour used for this analysis is presented on Figure 9a and the soil 424 

parameters are summarized in Table 2. Peak shear strength (τp) of 70 kPa and large-deformation shear 425 

strength of 10 kPa (τld) are used. These strengths were chosen as they enable to initiate and propagate a 426 

progressive failure in all the studied cases. Corresponding shear strains (γp and γld) are 1% and 25% 427 
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respectively, which is consistent with the shear behaviour of Eastern Canadian clays and the end of a 428 

DSS test, respectively. Using the shear zone thickness (t) of 0.5m, it is possible to convert the stress-429 

strain behaviour shown in Figure 9a into a stress-displacement behaviour needed as input in BIFURC 430 

(using Equations 8 to 10), as shown on Figure 9b. Displacements at the peak shear strength (δp) of 431 

0.005 m and when the large-deformation shear strength is reached (δld) of 0.125 m have been calculated 432 

and input in the model for the shear zone. 433 

In this study the truss elements shown on Figures 7b and c represent the soil mass above the shear zone 434 

and are given a linear elastic behaviour. The lateral elastic strain along the x-axis (εx) for an element 435 

subjected to a change in horizontal stress (Δσx) can be calculated with a stiffness modulus (Eel) as 436 

shown by the following equation: 437 

[6] εx = ε
x
e  = 

∆σx

Eel
 438 

Very high strengths in compression and extension are given to these elements to avoid failure 439 

conditions. It is assumed in this study that the soil above the shear zone has a stiffness modulus (Eel) of 440 

10500 kPa. This is about 3 times the average shear modulus (Gaverage) for the entire soil layer above the 441 

potential shear zone (Gaverage ≈ (τp/γp) / 2 = (70 kPa/0.01) / 2 = 3500 kPa). Although Eel varies with 442 

stress and OCR, it is considered constant in this analysis in order to isolate its effect. 443 

To simplify the numerical model, these parameters have been considered constant along the potential 444 

failure surface. Table 2 summarises the soil parameters used in BIFURC. These parameters values are 445 

varied throughout the analysis in order to observe their influence on progressive failure, except when 446 

indicated otherwise. 447 
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2.4.3. Finite element procedure 448 

In the progressive failure analysis, the calculations start from the initial state of stress previously 449 

calculated with PLAXIS. An external nodal load vector (Next) is then applied at point A in increments 450 

(Figure 7). To vary this external load, the solution algorithm multiplies an input reference load vector 451 

(Nref) having two degrees of freedom in each node (only a horizontal force in one node is applied here) 452 

to a load factor p: 453 

[11] 𝐍ext =  p𝐍ref 454 

Starting from the initial state of stress, the program finds the corresponding nodal point displacement 455 

vector (r) that satisfies equilibrium between the internal nodal force vector (Nint) and the external force 456 

vector (Next). Nint is given by the internal stresses in the soil mass and shear stress along the interface 457 

elements: 458 

[12] 𝐍int =  ∫ 𝐁T𝛔dx
L

o
  459 

where B is the matrix that gives the relationship between the strain vector and the nodal point 460 

displacement vector (r) and  is the stress vector containing the input initial stresses (shear stress and 461 

total horizontal stress) and the stress changes due to deformations along the x-direction. The above 462 

integral, over the entire length of the element (L), is solved numerically by loops over all elements in 463 

the model and numerical integration within each element. Equilibrium requires that: 464 

[13] 𝐍ext =  𝐍int 465 

For each load step, the displacement r is calculated by an iterative predictor-corrector procedure 466 

together with an arc-length control method. More details on the finite element procedure and the 467 

solution algorithm are given in the context of this study by Locat (2012). As a result, the program 468 

applies a load Next, decreasing the average horizontal total stress, and varies it automatically for each 469 

increment by varying the load factor p (see Equation 11), and thus increases the displacement. In doing 470 
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so, the program follows the stress-displacement behaviour of the soil to propagate this additional load 471 

and evaluate the corresponding changes in stresses and displacement along the mesh. 472 

Figure 10a gives an example of the variation of the load factor p as a function of the maximum 473 

displacement at the end of each increment at the node located at point A, where the unloading is 474 

applied. This node is a common to an interface element and a truss element (see nodal point A, Figure 475 

7c). Figure 10b presents the shear stress along the potential failure surface for three specific 476 

increments. For the first 21 increments, the program increases the load factor at nodal point A to 477 

increase the horizontal displacement. As the load factor increases, the slope is being unloaded and 478 

shear progresses along the potential failure surface. As shear progresses, the interface element linked to 479 

nodal point A, as well as other interface elements nearby, reaches the peak shear strength and loses 480 

strength due the interface element strain-softening behaviour once the peak shear strength is mobilised. 481 

Under this loss of strength, the program needs to reduce the load factor in order to increase the 482 

displacement at nodal point A and to propagate the failure further, as seen after increment 21 (Figure 483 

7a). This means that after increment 21, the interface element linked to nodal point A, as well as other 484 

interface elements nearby, loses strength due their strain-softening behaviour and the failure propagates 485 

with no additional disturbance than the unloading applied at increment 21. Increment 21 represents 486 

therefore the application of the critical unloading needed to initiate progressive failure (ΔσcrU) 487 

presented at time 1 on Figure 2. As failure progresses further along the potential failure surface in more 488 

stable ground, where the initial shear stress is lower, the program increases the load factor at the node 489 

at point A (increment 39, Figures 10a and b). The program is stopped at increment 66, when the load 490 

factor increases back to its maximal value, which is ΔσcrU, reached at increment 21. This indicates that 491 

the unloading applied at increment 21 (ΔσcrU) is fully distributed along the potential failure surface. As 492 

further unloading would be needed to propagate the failure over a larger distance, increment 66 493 

represents the end of the failure extent when ΔσcrU is applied. The critical unloading stress (ΔσcrU) and 494 
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final extent of the failure shown for increment 66 in Figure 10b are therefore direct results of the 495 

numerical method. The decrease of the load factor after the application of ΔσcrU has been reached may 496 

not be physically realistic in all situations and might be explained by factors not taken into account in 497 

the present analyses, as inertia effects, strain-rate effects, or geometrical changes of the failing soil 498 

mass (Andresen and Jostad, 2004). 499 

3. Stresses in slopes 500 

The first step of this progressive failure analysis is the calculation of the shear stresses along a potential 501 

failure surface in a slope formed by valley formation. The evaluation of these stresses is important as 502 

they form the basis of the entire analysis. The study has focused on the effect of the geometry of the 503 

slope and the initial earth pressure ratio at rest (Koi) on the maximum shear stress along the potential 504 

failure surface (τo max see Figure 2b). The soil parameters used are as described in Section 2.3.2 and in 505 

Table 1. 506 

In order to observe the combined effect of slope height, inclination and Koi on the maximum shear 507 

stress along the potential failure surface (τo max), modeling has been done varying the height of the slope 508 

from 5 to 30 m, the inclination from 10 to 30 and Koi from 0.5 to 1.5. The results are shown on Figure 509 

11a, where the maximum shear stress along the potential failure surface (τo max) is plotted as a function 510 

of the slope height for different inclination and Koi values. It can be seen that, for a slope inclined at 511 

20 and having a Koi of 0.5, the maximum shear stress along the potential failure surface varies from 11 512 

to 67 kPa when the slope height increases from 5 to 30 m (Figure 11a). Similarly, for a slope having a 513 

height of 20 m and a Koi of 0.5, a variation from 10 to 30 of the inclination increases the maximum 514 

shear stress along the potential failure surface (τo max) from 28 to 56 kPa. In addition, varying Koi from 515 

0.5 to 1.5 for a slope having a height of 20 m and inclined at 20° to the horizontal, increases the 516 
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maximum shear stress (τo max) along the potential failure surface from 44 to 58 kPa. The increase of 517 

maximum shear stress (τo max) with slope height and slope inclination can therefore be observed in this 518 

analysis. Moreover, the influence of Koi on τo max seems to increase with slope height. 519 

The maximum shear stress along the potential failure surface normalised to the soil unit weight and the 520 

slope height (τo max / ρgH) is plotted as function of the slope angle for different Koi values and slope 521 

heights on Figure 11b. It can be seen that τo max / ρgH increases with slope angle and Koi as well. 522 

Although the values are scattered, probably due to the influence of the height of the slope, the influence 523 

of the Koi seems slightly larger for steeper slopes. Detailed description of the effect of geometry of the 524 

slope and Koi on the initial stresses in a slope is given by Locat (2012). 525 

4. Initiation and extent of progressive failure 526 

The stresses in slopes generated by valley formation and their controlling parameters have been 527 

described in the above section. Using these stresses, a progressive failure analysis can be done with the 528 

method described in Section 2.4. In all cases, it is supposed that the failure is initiated along the 529 

potential failure surface where the shear stress is maximal (τo max) and closer to the peak shear strength 530 

of the soil (point A on Figure 2b for example). The disturbing force (Next, see section 2.4.3) initiating 531 

progressive failure is therefore applied at this point in all cases. 532 

This section presents the effect of the initial geometry and Koi of a slope and the influence of the soil 533 

behaviour of the shear zone and soil layer above it on the critical change of stress initiating progressive 534 

failure (ΔσcrU) and the final extent of the progressive failure. 535 
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4.1. Effect of stresses in the slope 536 

In Section 3, it was shown that high inclined slopes with large Koi have high shear stress along a 537 

horizontal plane at the toe of the slope elevation. The effect of slope inclination on progressive failure 538 

initiation and propagation is presented in Figure 12 for slopes having a height of 20 m and inclination 539 

of 10 (Figures 12a,b and c), 20 (Figures 12d, e and f) and 30° (Figures 12g, h and i). It is observed that 540 

the critical unloading initiating progressive failure (ΔσcrU) equals 61, 55 and 50 kPa for slope angles of 541 

10, 20 and 30° respectively (Figures 12c, f and i). Steeper slopes have higher initial shear stresses 542 

closer to the peak shear strength of the soil, which results in smaller ΔσcrU values required to initiate 543 

progressive failure. It is also seen that the retrogression distance (LR defined on Figure 2g) is 22, 45 and 544 

71 m for slope angles of 10, 20 and 30° respectively (Figures 12b, e and h). The failure therefore 545 

propagates over larger distances when steeper slopes are considered. 546 

Figure 13 shows the effect of Koi on the initiation and the propagation of progressive failure for a slope 547 

having a height of 20 m and an inclination of 20°. Although the strength of the soil is influenced by Ko, 548 

it has been kept constant in this analysis to isolate the effect of Koi on progressive failure. It can be seen 549 

that ΔσcrU equals 55, 45 and 32 kPa for Koi values of 0.5, 1.0 and 1.5 respectively (Figures 13c, e and 550 

g). The propagation of the failure surface is also affected by Koi; Koi values of 0.5, 1.0 and 1.5 give 551 

failure retrogressions (LR) of 45, 103 and 155 m beyond the crest of the slope, respectively (Figures 552 

13b, d and f). This is explained by the high shear stresses induced further inside the deposit when large 553 

Koi values are considered. 554 

Figure 14a shows the effect of the slope angle on ΔσcrU for different Koi on a slope having a height of 555 

20 m. It can be observed that ΔσcrU is essentially independent of Koi for a slope angle of 10° and then 556 

decreases with increasing slope angles and Koi as explain above. 557 
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As presented in Section 3, the shear stress in a slope is larger for high slopes having high inclinations 558 

and high Koi. In these cases, the maximum shear stress (τo max) is closer to the peak shear strength of the 559 

soil, which explains the decrease of the perturbation ΔσcrU necessary for initiating progressive failure in 560 

these conditions (Figure 12, 13 and 14a). 561 

Figure 14b shows the effect of slope angle on the retrogression distance (LR) for different Koi values on 562 

slope having a height of 20 m. It is sown that LR increases with increasing slope inclination and Koi, 563 

except for Koi equal to 1.5, for which the retrogression distance seems to be approximately constant 564 

regardless of slope inclination. This indicates that, for very large Koi values, failure progresses to a 565 

distance away from the toe of the slope, where slope angle has negligible influence. 566 

As failure progresses further inside the deposit, the horizontal stress above the failure surface decreases 567 

and may fall below the undrained active failure criteria over a given length along the failure surface. 568 

The average undrained active strength (σAct) of the soil can be calculated with the following equation: 569 

[14] σAct = 
γH

2
 - 2SU (Lambe and Whitman 1969) 570 

For a slope having a height (H) of 20 m, a total unit weight (γ) of 17 kN/m3 and an average undrained 571 

strength (SU) of 35 kPa, the average undrained active strength of the soil is: 572 

[15] σAct = (
17 kN m3⁄ ×20 m

2
)  - (2×35 kPa) = 100 kPa 573 

For soil having larger OCR value (and larger Ko), the undrained strength will increase, giving lower 574 

undrained active strength. For example, for Koi of 0.5, 1.0 and 1.5, the SU of the soil may be 35 kPa, 60 575 

and 80 kPa respectively, giving σAct values of 100, 50 and 10 kPa respectively. Figures 13c, e and g 576 

show the undrained active strength (σAct) from the left boundary to the crest of the slope, where the 577 

ground surface is horizontal. If the average horizontal stress falls below σAct (gray area on Figure 13c, e 578 

and g), active failure occur in the soil mass above the shear zone. It can be seen that, for the example 579 

presented in Figure 13, in cases where the soil has a high Koi and high OCR values, the decrease in 580 
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total stress during progressive failure might not be sufficient to cause active failure (average horizontal 581 

stress above active failure criteria, see Figure 13g). In these cases, the failure may propagate into the 582 

deposit without any active failure of the soil mass and no global failure of the slope occurs.  583 

4.2. Influence of soil behaviour 584 

Now that the effect of the stresses inside the slope has been illustrated, the influence of the soil stress-585 

strain behaviour characteristics will be presented. First, the influence of the peak and large-deformation 586 

shear strengths of the soil in the shear zone will be examined. The displacements, at which these 587 

strengths are mobilised, will also be included in the study of the effect of stiffness and brittleness of the 588 

shear zone. Finally, the influence of the stiffness of the soil layer above the shear zone will be 589 

considered. 590 

4.2.1. Influence of the peak and large-deformation shear strengths of the shear 591 

zone 592 

As seen in the previous section, the larger the difference between the peak shear strength of the soil and 593 

the initial shear stress, the larger is the unloading needed to initiate progressive failure. For a given 594 

geometry and Koi, high peak shear strength improves the stability regarding progressive failure by 595 

increasing the unloading necessary to initiate progressive failure. As this influence of the peak shear 596 

strength is quite straight forward, this study focuses on the influence of the post peak behaviour of the 597 

shear zone. 598 

As explained in the introduction, progressive failure may be initiated in soils showing a strain-softening 599 

behaviour (τld < τp, strain-softening behaviour). The influence of the large-deformation strength has 600 

been studied for a 20 m high slope inclined at 20° to the horizontal with a Koi of 0.5 and a peak shear 601 
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strength of 70 kPa by varying the large deformation shear strength. The displacements when these 602 

strengths are reached (p and δld) have been adjusted in order to keep the decrease in strength after the 603 

peak shear strength with the same slope. It has been seen by Locat (2012) that the unloading initiating 604 

progressive failure is not significantly influenced by the large-deformation shear strength. On the other 605 

hand, the retrogression of the failure (LR) varies from 21 to 365 m when the large-deformation shear 606 

strength varies from 15 to 2 kPa, respectively, and tends towards 0 m for large-deformation shear 607 

strength larger than 18.2 kPa (Figures 15). This means that, for the case studied here, the large-608 

deformation shear strength has to be lower than 18.2 kPa (Sensitivity larger than 3.8, given an intact 609 

shear strength of 70 kPa) in order for the loss of strength to be large enough to generate progressive 610 

failure. This indicates that τld and thus sensitivity influences the propagation distance but not the 611 

susceptibility to progressive failure (ΔσcrU) and that for very small large-deformation shear strengths, 612 

the failure may retrogress over a very large distance. 613 

4.2.2. Influence of the stiffness and the brittleness of the shear zone 614 

Now that the effect of strength and sensitivity of the soil has been examined, it is necessary to look at 615 

the effect of stiffness. The behaviour of the shear zone before the peak shear strength can be studied by 616 

varying the stiffness of the shear zone and the post peak behaviour can be studied by varying the 617 

brittleness of the shear zone. 618 

To quantify the brittleness of a soil, Bishop (1967 and 1971) introduced the brittleness index (IB): 619 

[16]  IB = 
τp- τld

τp
 ×100 620 

This index defines the percentage of reduction in shear strength when passing from the peak to the 621 

large-deformation shear strength. The higher IB, the larger is the loss of strength from the peak shear 622 
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strength to the large-deformation strength. It fails however to take into account the development of 623 

strain during softening. 624 

In order to characterise the loss of shear strength with strain, D’Elia et al. (1998) suggested the general 625 

brittleness index (IGB): 626 

[17] IGB = 
τp-τmob

τp
 627 

This index uses the mobilised shear stress along the shear zone (τmob) which is function of shear strain. 628 

It varies from 0 at the peak to IB when the soil reaches its large-deformation value, and specifies the 629 

variation of shear strength as strain develops. 630 

Following this idea, it is possible to define a hardening (KH) and a softening (KS) parameters (linked to 631 

soil moduli and the thickness of the shear zone as indicated in Figures 8 and 9) taking into account the 632 

variation in shear strength of the soil with strain and using the horizontal displacement at the top of the 633 

shear zone during shear prior and after the peak shear strength. The stiffness and brittleness of the shear 634 

zone are therefore not just a function of the peak and large-deformation shear strengths of the soil (τp 635 

and τld), but also a function of the displacements at the top of the shear zone at which the peak and 636 

large-deformation strengths are reached for an given shear zone thickness (p and ld, Figure 8). These 637 

parameters can then be defined with the following equations (Figure 9b): 638 

[18] KH = 
τp - τo

δp
 639 

[19] KS = 
τp - τld

δld - δp
 640 

KH quantifies the gain in strength from the initial state of shear stress present along the shear zone (τo) 641 

up to the peak shear strength. High KH values mean less deformation to reach the peak shear strength 642 

and high stiffness of the shear zone. KS quantifies the rate of loss of strength from the peak shear 643 

strength down to the large-deformation shear strength. High KS values mean small deformation to go 644 
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from the peak shear strength down to the large-deformation shear strength and high brittleness. 645 

Therefore, two different shear zones having the same peak and large-deformation shear strengths 646 

(similar IB) can therefore exhibit different stiffness (KH) and brittleness (KS) if these strengths are 647 

mobilised at different strains. KH and KS enable to quantify the stiffness and the brittleness of the shear 648 

zone which are related to the stress-strain characteristics of the soil, the shear stress before failure and 649 

the thickness of the shear zone (see Equations 9, 10, 18 and 19). 650 

The effect of varying the brittleness of the shear zone is examined using shear strains at large 651 

deformation of 12.5 to 52%, corresponding to shear displacements to reach the  large deformation of 652 

0.0625 to 0.26 m respectively for a shear zone thickness of 0.5 m (see Equations 9 and 10). A 20 m 653 

high slope, inclined at 20 ° and Koi of 0.5 with peak and remoulded shear strengths of 70 and 10 kPa is 654 

considered. This gives KS values of 1043 to 235 kPa/m. In addition, the stiffness of the shear zone was 655 

studied with the variation of KH obtained by using shear strain at the peak shear strength of 0.1% (t = 656 

0.5 m, p = 0.0005 m) and 10% (t = 0.5 m, p = 0.05 m). This gives KH values of 52245 and 522 kPa/m 657 

respectively. Sensitive clays should exhibits γp closer to 1% according to Leroueil et al. (1983). 658 

Extreme values of γp used in this study have been chosen to observe the effect of this parameter over a 659 

large range. Figure 16a presents the critical unloading initiating progressive failure as a function of KS 660 

for both KH values mentioned earlier. The resulting ΔσcrU vary from 96 to 35 kPa for KS varying from 661 

235 to 1043 kPa/m respectively. It can be observed that ΔσcrU decreases with increasing KH and 662 

increasing KS as well. However, KH has a smaller influence than KS on ΔσcrU. Figure 16b presents the 663 

relationship between the retrogression distance (LR) and KS for the same KH values. It can be observed 664 

that, for a 20 m high slope, inclined at 20 ° and Koi of 0.5, failure will propagate over a larger distance 665 

in brittle soil, with larger KH and KS values. KH has also a smaller influence on the retrogression 666 

distance than KS. In addition, Figures 16a and b show that soils with KS value larger than 220 kPa/m 667 

are not brittle enough for progressive failure to be initiated and to propagate over a large distance. 668 
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These results indicate that slopes made of highly brittle soils are more susceptible to develop 669 

progressive failure (lower ΔσcrU) over a large distance (higher LR). Such an influence of KS on 670 

progressive failure was foreseen by D’Elia et al. (1998) but not proven numerically. 671 

When soil has a high brittleness, smaller displacement is needed to induce the change in shear stress 672 

initiating progressive failure; as a result and according to Equation 2, ΔσcrU is lower. In addition, when 673 

the failure propagates it progresses further into the deposit. This confirms that brittle soils are less 674 

stable, as a small unloading near the toe of the slope is needed to initiate a progressive failure and that 675 

failure will propagate over a larger distance. 676 

4.2.3. Influence of the stiffness of the soil above the shear zone 677 

In the progressive failure analysis used in this study, the soil above the shear zone expands 678 

horizontally, as a spring, and the average horizontal stress above the shear zone decreases according to 679 

the change of shear stress and the displacement in the shear zone. The influence of the stiffness of the 680 

upper soil layer (Eel) has been studied on a slope inclined at 20°, having a height of 20 m and a Koi 681 

equal to 0.5. The behaviour of the shear zone is kept constant with peak and large-deformation shear 682 

strengths assumed to be 70 and 10 kPa respectively. 683 

Figure 17 shows the effect of the stiffness (Eel) of the soil above the potential failure surface on the 684 

initiation and the extent of progressive failure. For stiffness varying from 5250 to 21000 kPa, ΔσcrU 685 

from 34 to 94 kPa have been calculated respectively (Figures 17a). The calculated retrogression 686 

distance (LR) of the failure after initiation decreases from 63 to 23 m for the above stiffness variation 687 

(Figure 17b). Therefore, soils with high stiffness need larger unloading for progressive failure to be 688 

initiated (ΔσcrU) and the failure, once initiated, propagates over a smaller distance inside the slope. 689 
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5. Discussion 690 

The numerical method presented herein enables the consideration of the initial stresses in the slope 691 

before failure, using conventional finite element method, and the modeling of failure initiated near the 692 

toe of a slope and its propagation in space inside the deposit. It enables to study the main factors 693 

influencing the development of progressive failure and spreads in sensitive clays. However, many 694 

assumptions have been needed. 695 

The result depends strongly on the initial shear stress along the potential failure surface (section 4.1). 696 

The initial shear stress calculated in PLAXIS is partly controlled by the state of stress prior valley 697 

formation, which is characterised by the Ko value of the deposit, and by the geometry of the slope. In 698 

addition, the soil model and its parameters influence the results from the numerical calculations. 699 

Furthermore, as explained in Section 2.3, the shear stress has been calculated by a one-step drained 700 

unloading to simulate valley formation. The unloading of the river valley in several different steps 701 

might influence the results. In order to validate the initial shear stress used in this study as a basis for 702 

progressive failure, study of the state of stress and deformation of clay slopes could be carried out. 703 

Another factor influencing progressive failure is the strain-softening behaviour considered for the shear 704 

zone. The model in this study uses a stress-displacement relationship to model the horizontal 705 

displacement at the top of the shear zone and assumptions had to be made regarding the strain 706 

distribution in the shear zone, the shear zone thickness (t) and its evolution during shear (strain 707 

localisation was not considered in this analysis). The stress-displacement behaviour is input to interface 708 

elements representing the interface at the top of the shear zone. The shear zone thickness is therefore 709 

taken into account directly in the interface elements’ soil model and does not depend on element size. 710 

However, the size of elements forming the mesh needs to be adjusted in order for the peak shear 711 
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strength to be fully mobilised at a node of an interface element. This method enables to avoid mesh 712 

dependency problems but necessitate the latter assumptions. 713 

As the movement along the shear zone is horizontal and the shear strain limited to the shear zone, the 714 

direct simple shear seems to be the most appropriate type of shearing to represent the shear zone 715 

behaviour forming the failure surface in spreads. Therefore, direct simple shear tests results can be used 716 

as input in the numerical model for the behaviour of the shear zone. However, the thickness of the 717 

shear zone and its evolution during shear during an actual spread are not straight forward notions to 718 

assess. The analysis presented herein evidences the need of a better understanding of clay response 719 

when subjected to shear in order to understand failure initiation and propagation and to input more 720 

representative soil model in the numerical analysis. In particular, work is needed in the determination 721 

of the post-peak shear behaviour, shear zone thickness, and shear strain localisation. This would help 722 

defining appropriate KH and KS values to input in the model. 723 

The results of this study corroborate well results from other studies brought out in the introduction (Lo 724 

and Lee 1973a and b; Quinn et al. 2011 and 2012; Gylland et al. 2010) and show the importance of the 725 

brittleness of the soil and the large-deformation shear strength on progressive failure. Even with the 726 

limitations mentioned in the previous paragraphs, the method enables to numerically confirm the effect 727 

of the geometry and soil behaviour on upward progressive failure that may explain spreads in sensitive 728 

clays. The interests of the presented numerical method and its improvements regarding previous 729 

models are: 730 

 The initial stresses in a slope induced by valley formation are taken into account in the analysis with 731 

a conventional finite element model; 732 



35 

 

 The modeling of the failure propagation in space considers a strain-softening behaviour for the shear 733 

zone enabling the study of progressive failure as described by Bernander (2000, 2008 and 2011), 734 

Locat et al. (2011) and Locat (2012); 735 

 The study gives a mechanical and numerical explanation of the failure initiation by a critical 736 

unloading near the toe of the slope and its propagation inside the deposit which might explains 737 

spreads occurring in sensitive clays; 738 

 The analysis is done using conventional numerical tools and geotechnical properties of the soil. 739 

It can be noted that slopes and clays in which spreads have been observed seem to present the 740 

characteristics necessary for progressive failure initiation and propagation. They are: 741 

 Cases of spreads have been reported to occur in lightly overconsolidated soil (the 1988 Brownsburg 742 

spread for example, see Fortin-Rhéaume 2013), Eastern Canadian clays are generally 743 

overconsolidated (1.2 < OCR < 2.5, from Leroueil et al. 1983), which can contribute to progressive 744 

failure initiation and mainly to high propagation distances (Figures 13 and 15). 745 

 Eastern Canadian clays may exhibit peak shear strengths generally mobilised at strains ranging from 746 

0.3 to 1.2% and brittle stress-strain behaviour (Leroueil et al. 1983), which could indicate that a 747 

small disturbance is needed to initiate the movement and failure can propagate over large distance 748 

(Figure 16). 749 

 Low remoulded shear strengths, such as those observed in Eastern Canadian clays that are often 750 

below 1.5 kPa indicate low large-deformation shear strength and may explain the large failure 751 

surface extents (Figures 15) observed in spreads. 752 
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6. Conclusion 753 

This paper presents a study of the factors influencing the initiation and propagation of upward 754 

progressive failure initiated near the toe of sensitive clay slopes formed by valley formation. The study 755 

was done using PLAXIS 2D 2010 (PLAXIS Manuals 2011) to evaluate the shear stress in the slope 756 

before failure and BIFURC (Jostad and Andresen 2002) to model the initiation and propagation of the 757 

failure using the shear stress calculated in PLAXIS and a strain-softening behaviour. The analysis 758 

focuses on the factors influencing the initial stresses in the slope and the mechanical behaviour of the 759 

shear zone. It is shown that: 760 

 Shear stress along a horizontal plane at the elevation of the toe of the slope is larger and closer to the 761 

peak shear strength of the soil (τp) when high, steep slopes with large Koi are considered. Therefore, 762 

high, steep slopes having large Koi are more susceptible to progressive failure initiation, smaller 763 

disturbance being needed to initiate failure, and the failure propagates over a larger distance. 764 

 All other parameters considered being the same, lower large-deformation shear strength (τld), or 765 

larger sensitivity, leads to larger propagation distances. 766 

 Soils having a brittle behaviour, defined as a rapid decrease of strength beyond the peak shear 767 

strength (τp) or larger KS value for the shear zone (Equation 19), are more susceptible to progressive 768 

failure, as less unloading is needed to initiate the failure which propagates over a larger distance 769 

inside the deposit. 770 

 Less unloading is needed to initiate failure in soil having low stiffness (Eel) and if initiated, the 771 

failure propagates over a larger distance. 772 

The results obtained from this analysis generally corroborate previous numerical studies of progressive 773 

failure made in the context of long landslides in gently inclined sensitive clay slopes (Bernander 2000, 774 

2008 and 2011, Bernander and Olofsson 1981a and b, Gylland and Jostad 2010 and Gylland et al. 775 
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2010) and in the context of delayed failures initiated near the toe of clay slopes (Kovacevic et al. 2004 776 

and 2007 and Lo and Lee 1973a and b). Similarly to Quinn et al. (2011 and 2012), this study concludes 777 

that sensitive clays from Eastern Canada may be susceptible to progressive failure initiation. 778 

Progressive failure can therefore be initiated in these clays, decrease the horizontal stress, causing 779 

active failure of an extensive part of the slope and may lead to a spread. Moreover, the high sensitivity 780 

and the low remoulded shear strength of these clays explain the large retrogression distances observed 781 

in some spreads.  782 

The progressive failure mechanism presented in this study is a simplified version of progressive failure 783 

explaining spreads in sensitive clays.  In reality the problem is influenced by strain-rate effects and 784 

geometric changes of the failing soil mass. In addition, the shear strains in the entire soil mass before 785 

shear localisation and formation of the failure surface affect the results of the analysis and add 786 

uncertainty to the results. The attention has also been given to the propagation and the extent of the 787 

shear zone in which the failure surface is formed. In order to completely understand the mechanism 788 

forming spreads, attention should also be given to the dislocation of the soil mass when active failure of 789 

the slope occurs and the formation of horsts and grabens. In order to do that, two dimensional 790 

numerical methods would have to be used to study the failure mechanism as Andresen and Jostad 791 

(2004 and 2007) and Hanssen and al. (2011) did for translational progressive landslides. Furthermore, 792 

the model presented herein used unloading by a first slide or rapid erosion as initiation for the 793 

progressive failure. The effect of gradual small erosion on a slope and high hydraulic gradient at the toe 794 

of a slope should also be studied as triggering mechanisms for progressive failure in relation to spreads. 795 

At last, the model must be tested on well documented cases of spreads occurring in sensitive clays. 796 
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Table captions: 980 

Table 1: Soil properties used in PLAXIS. 981 

Table2: Soil properties used in BIFURC 982 

 983 

Figure captions: 984 

Figure 1: Illustration of spread with horsts and grabens. 985 

Figure 2: Initial condition (time 0), initiation (time 1) and final extension (time 2) of upward 986 

progressive failure. (a) Geometry of the slope, potential failure surface (dashed line) and failure surface 987 

defined where the soil is beyond the peak shear strength (thick dotted line); (b, e, and g) shear stress 988 

acting along the potential failure surface; (c, f, and h) average total horizontal stress above the shear 989 

zone; and (d) stress-displacement behaviour of the shear zone. A, a, b, a’ and b’ are points along the x-990 

axis where attention is drawn to (d, e, and g) the shear stress along the potential failure surface and (f 991 

and h) horizontal total stress in the soil mass above the potential failure surface. 992 

Figure 3: Horizontal equilibrium acting on the soil mass above the potential failure surface; figure 993 

shows the change in average total horizontal stress (Δσx) over a height Hx, corresponding to a change in 994 

shear stress (τx - τo) over a length (L) along the potential shear zone. 995 

Figure 4: Geometry, mesh and boundary conditions used in PLAXIS (a) before and (b) after valley 996 

formation. 997 

Figure 5: Main characteristics of the Hardening Soil Model: (a) stress-strain behaviour during 998 

oedometer compression; (b) a hyperbolic deviatoric stress (q) vs. axial strain (ε1) relationship during 999 

drained shear; and (c) cone hardening controlled by mobilised friction and pre-consolidation stress (p’c) 1000 

controlled cap hardening (modified from PLAXIS Manuals 2011). 1001 

Figure 6: Horizontal equilibrium of a vertical section between j and j-1 of the soil mass above the 1002 

cross-section on Figure 4b; Ej and Ej-i are the horizontal forces due to earth pressure in the soil mass, Hj 1003 

and Hj-1 are the height of the soil mass above the cross-section and τo average j is the average shear stress 1004 

along a length Lj of the potential failure surface corresponding to the change in horizontal force due to 1005 

earth pressure ΔEi. 1006 

Figure 7: Schematic representation of: (a) division of the soil mass; (b) element types; and (c) mesh and 1007 

boundary conditions used in BIFURC. 1008 

Figure 8: (a) Stress-strain behaviour converted into a (b) stress-displacement behaviour. 1009 
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Figure 9: (a) Stress-strain behaviour; and (b) stress-displacement behaviour used in this study for a 1010 

shear zone thickness of 0.5 m with definitions of the soil parameters, including the hardening parameter 1011 

KH and softening parameter KS (τo will vary along the potential failure surface as schematized on 1012 

Figure 2b). 1013 

Figure 10: (a) Example of a load displacement curve obtained with BIFURC; and (b) propagation of 1014 

shear stress along the potential failure surface for different increments. A is a point along the x-axis 1015 

where attention is drawn to the shear stress along the potential failure surface. 1016 

Figure 11: Influence of (a) slope height on the maximum shear stress along the potential failure surface 1017 

(τo max), for slopes inclined at 10, 20 and 30° (different shades of grey area); and (b) influence of the 1018 

slope angle on the normalised maximum shear stress (τo max / ρgH); shaded areas show Koi values 1019 

varying from 0.5 to 1.5 for different inclinations and different height. 1020 

Figure 12: Effect of slope inclination on progressive failure. Figures show: (a, d, g) the geometry; (b, e, 1021 

h) the shear stress along the potential failure surface; and (c, f, i) the average horizontal total stress 1022 

above the potential failure surface, before failure (time 0), for the initiation stage (time 1) and for the 1023 

final stage (time 2). Undrained peak shear and large-deformation shear strengths (p and ld), critical 1024 

unloading stress initiating progressive failure (ΔσcrU) and undrained active strength (Act) are also 1025 

indicated. Slopes having a height of 20 m and Koi of 0.5 are considered. 1026 

Figure 13: Effect of Koi on progressive failure. Figures show: (a) the geometry; (b, d, f) the shear stress 1027 

along the potential failure surface; and (c, e, g) the average horizontal total stress above the potential 1028 

failure surface, before failure (time 0), for the initiation stage (time 1) and for the final stage (time 2). 1029 

Undrained peak shear and large-deformation shear strengths (p and ld), critical unloading stress 1030 

initiating progressive failure (ΔσcrU) and undrained active strength (Act) are also indicated.  Slopes 1031 

having a height of 20 m inclined at 20° are considered. 1032 

Figure 14: Influence of the slope angle on (a) the critical unloading stress initiating progressive failure 1033 

(ΔσcrU) and (b) the retrogression distance (LR) for different Koi values. Slopes having a height of 20 m 1034 

and peak and large deformation shear strengths of 70 and 10 kPa respectively are considered. 1035 

Figure 15: Retrogression distance (LR) of the failure surface as a function of τld for a slope inclined at 1036 

20° and having a height of 20 m, Koi of 0.5 and a peak shear strength of 70 kPa. 1037 

Figure 16: Influence of KS on (a) the critical unloading stress initiating progressive failure (ΔσcrU); and 1038 

(b) the retrogression distance of the failure surface during progressive failure (LR). Shaded areas show 1039 

the effect of variation of KH. Slopes having a height of 20 m, 20° of inclination and peak and large 1040 

deformation shear strengths of 70 and 10 kPa respectively are considered. 1041 

Figure 17: Effect on Eel on the (a) the critical unloading stress initiating progressive failure (ΔσcrU); and 1042 

(b) the retrogression distance of the failure surface during progressive failure (LR). Slopes having a 1043 

height of 20 m, 20° of inclination and peak and large deformation shear strengths of 70 and 10 kPa 1044 

respectively are considered.  1045 
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Table 1: Soil properties used in PLAXIS. 1046 

Parameter Symbol Value 

Material Model Model Hardening Soil Model 

Type of material behaviour Type Drained 

Soil unit weight above w.t. g 17 kN/m3 

Soil unit weight below w.t. g 17 kN/m3 

Horizontal permeability kx 10-9 m/s 

Vertical permeability ky 10-9 m/s 

Reference secant Young modulus E50
ref 21000 kPa 

Reference tangent oedometer modulus during virgin loading Eoed
ref  21000 kPa 

Reference unloading / reloading modulus Eur
ref 63000 kPa 

Power for stress dependent stiffness m 1 

Reference stress pref 100 kPa 

Failure ratio Rf 0.9 

Poisson’s ratio ν’ur 0.25 

Lateral stress coefficient Ko
𝑂𝐶 0.43 

Cohesion c’ 35 kPa 

Friction angle ’ 35° 

Dilatancy angle ψ 0° 

 1047 

Table2: Soil properties used in BIFURC 1048 

Parameter Symbol Value 

Truss elements 

Stiffness modulus1 Eel 10500 (5250 - 21000) kPa 

Interface elements 

Peak shear strength τp 70 kPa 

Large-deformation shear strength1 τld 10 (2 - 18.3) kPa 

Peak shear strain1 γp 1 (0.1 - 10) % 

Large-deformation shear strain1, 2 γld 25 (12.5 - 52) % 

Shear zone thickness t 0.5 m 

Displacement at the peak1, 3 δp 0.005 (0.0005 - 0.05) m 

Large-deformation displacement1, 2, 4 δld 0.125 (0.0625 - 0.26) m 

1 Values in parenthesis show range used in the parametric study. 1049 
2 Strain or displacement at which the large-deformation shear strength is mobilized. 1050 
3 Calculated with Equation 9 1051 
4 Calculated with Equation 10 1052 
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 1054 

Figure 1: Illustration of spread with horsts and grabens. 1055 

  1056 
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 1057 

Figure 2: Initial condition (time 0), initiation (time 1) and final extension (time 2) of upward 1058 

progressive failure. (a) Geometry of the slope, potential failure surface (dashed line) and failure surface 1059 

defined where the soil is beyond the peak shear strength (thick dotted line); (b, e, and g) shear stress 1060 

acting along the potential failure surface; (c, f, and h) average total horizontal stress above the shear 1061 

zone; and (d) stress-displacement behaviour of the shear zone. A, a, b, a’ and b’ are points along the x-1062 

axis where attention is drawn to (d, e, and g) the shear stress along the potential failure surface and (f 1063 

and h) horizontal total stress in the soil mass above the potential failure surface. 1064 
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 1065 

Figure 3: Horizontal equilibrium acting on the soil mass above the potential failure surface; figure 1066 

shows the change in average total horizontal stress (Δσx) over a height Hx, corresponding to a change in 1067 

shear stress (τx - τo) over a length (L) along the potential shear zone. 1068 

 1069 

 1070 

Figure 4: Geometry, mesh and boundary conditions used in PLAXIS (a) before and (b) after valley 1071 

formation. 1072 

  1073 
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 1074 

Figure 5: Main characteristics of the Hardening Soil Model: (a) stress-strain behaviour during 1075 

oedometer compression; (b) a hyperbolic deviatoric stress (q) vs. axial strain (ε1) relationship during 1076 

drained shear; and (c) cone hardening controlled by mobilised friction and pre-consolidation stress (p’c) 1077 

controlled cap hardening (modified from PLAXIS Manuals 2011). 1078 
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 1080 

Figure 6: Horizontal equilibrium of a vertical section between j and j-1 of the soil mass above the 1081 

cross-section on Figure 4b; Ej and Ej-i are the horizontal forces due to earth pressure in the soil mass, Hj 1082 

and Hj-1 are the height of the soil mass above the cross-section and τo average j is the average shear stress 1083 

along a length Lj of the potential failure surface corresponding to the change in horizontal force due to 1084 

earth pressure ΔEi. 1085 

  1086 



55 

 

 1087 

Figure 7: Schematic representation of: (a) division of the soil mass; (b) element types; and (c) mesh and 1088 

boundary conditions used in BIFURC. 1089 

  1090 
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 1091 

Figure 8: (a) Stress-strain behaviour converted into a (b) stress-displacement behaviour. 1092 
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 1094 

Figure 9: (a) Stress-strain behaviour; and (b) stress-displacement behaviour used in this study for a 1095 

shear zone thickness of 0.5 m with definitions of the soil parameters, including the hardening parameter 1096 

KH and softening parameter KS (τo will vary along the potential failure surface as schematized on 1097 

Figure 2b). 1098 

 1099 
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 1100 

Figure 10: (a) Example of a load displacement curve obtained with BIFURC; and (b) propagation of 1101 

shear stress along the potential failure surface for different increments. A is a point along the x-axis 1102 

where attention is drawn to the shear stress along the potential failure surface. 1103 

 1104 

  1105 
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 1106 

Figure 11: Influence of (a) slope height on the maximum shear stress along the potential failure surface 1107 

(τo max), for slopes inclined at 10, 20 and 30° (different shades of grey area); and (b) influence of the 1108 

slope angle on the normalised maximum shear stress (τo max / ρgH); shaded areas show Koi values 1109 

varying from 0.5 to 1.5 for different inclinations and different height. 1110 
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 1111 

Figure 12: Effect of slope inclination on progressive failure. Figures show: (a, d, g) the geometry; (b, e, 1112 

h) the shear stress along the potential failure surface; and (c, f, i) the average horizontal total stress 1113 

above the potential failure surface, before failure (time 0), for the initiation stage (time 1) and for the 1114 

final stage (time 2). Undrained peak shear and large-deformation shear strengths (p and ld), critical 1115 

unloading stress initiating progressive failure (ΔσcrU) and undrained active strength (Act) are also 1116 

indicated. Slopes having a height of 20 m and Koi of 0.5 are considered. 1117 
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 1118 

Figure 13: Effect of Koi on progressive failure. Figures show: (a) the geometry; (b, d, f) the shear stress 1119 

along the potential failure surface; and (c, e, g) the average horizontal total stress above the potential 1120 

failure surface, before failure (time 0), for the initiation stage (time 1) and for the final stage (time 2). 1121 

Undrained peak shear and large-deformation shear strengths (p and ld), critical unloading stress 1122 

initiating progressive failure (ΔσcrU) and undrained active strength (Act) are also indicated.  Slopes 1123 

having a height of 20 m inclined at 20° are considered. 1124 
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 1125 

Figure 14: Influence of the slope angle on (a) the critical unloading stress initiating progressive failure 1126 

(ΔσcrU) and (b) the retrogression distance (LR) for different Koi values. Slopes having a height of 20 m 1127 

and peak and large deformation shear strengths of 70 and 10 kPa respectively are considered. 1128 

 1129 
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 1130 

Figure 15: Retrogression distance (LR) of the failure surface as a function of τld for a slope inclined at 1131 

20° and having a height of 20 m, Koi of 0.5 and a peak shear strength of 70 kPa. 1132 

 1133 



64 

 

 1134 

Figure 16: Influence of KS on (a) the critical unloading stress initiating progressive failure (ΔσcrU); and 1135 

(b) the retrogression distance of the failure surface during progressive failure (LR). Shaded areas show 1136 

the effect of variation of KH. Slopes having a height of 20 m, 20° of inclination and peak and large 1137 

deformation shear strengths of 70 and 10 kPa respectively are considered. 1138 

 1139 
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 1140 

Figure 17: Effect on Eel on the (a) the critical unloading stress initiating progressive failure (ΔσcrU); and 1141 

(b) the retrogression distance of the failure surface during progressive failure (LR). Slopes having a 1142 

height of 20 m, 20° of inclination and peak and large deformation shear strengths of 70 and 10 kPa 1143 

respectively are considered. 1144 


