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ABSTRACT: The initial and strain-induced anisotropic structure, as well as the strain-softening behaviour, of sensitive clay has 

been long recognized. These soil features, and their subsequent effect on the mobilized strength, are however rarely directly 

considered in the evaluation of slope stability. This numerical study investigates the influence of 1) Initial anisotropy; 2) Evolving 

anisotropy and 3) Degradation of the inter-particle bonds (destructuration) due to irrecoverable creep strains on the stability and 

failure mechanisms of a slope in sensitive clay. The rate-dependent Creep-SCLAY1S model includes these features, and its 

hierarchical formulation, is exploited to illustrate the effect of these features for a typical slope in the Göta River valley, West 

Sweden. 
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1 INTRODUCTION 

The hydromechanical response of intact natural clays is 

partially governed by rate-dependency (e.g. Berre and 

Bjerrum, 1973, Graham et al., 1983, Li, 2019), and par-

tially by an evolving structure (e.g. Burland, 1990, 

Birmpilis et al., 2022). In the case of sensitive clay, the 

latter origins from the gravitational sedimentation in sea 

or brackish water, followed by isostatic uplift and sub-

sequent leaching, which has resulted in an anisotropic 

meta-stable structure. This structure consists both of a 

geometrical arrangement of particles and their contacts, 

here called fabric, and the bonds acting between these 

particles (Quigley and Thompson, 1966). The particles 

re-arrange during irrecoverable loading, resulting in 

changes in anisotropy and thereby also an evolving 

strength mobilisation. As a result of the inter-particle 

bonds, the sensitive clays behave relatively stiff until 

yielding, followed by a sudden bond degradation, called 

destructuration (Leroueil and Vaughan, 1990), with a 

characteristic strain-softening response. 

 These rate- and stress-path-dependent soil character-

istics are important aspects when simulating geotech-

nical problem, but are rarely included in slope stability 

assessment. This could potentially lead to under- or 

overestimations of the stability, in particular when pore 

pressure changes attributed to climate change-induced 

scenarios should be accounted for. 

 This paper applies an effective stress-based, rate-de-

pendent, anisotropic soil model with destructuration in 

slope stability assessment and investigates how these 

evolving soil properties affect the stability and the fail-

ure mechanism. 

2 CONSTITUTIVE MODEL AND 

METHODOLOGY 

Creep-SCLAY1S is a rate-dependent, hierarchical, ex-

tension of the Modified Cam Clay (MCC) model, which 

includes anisotropy, destructuration and Lode angle de-

pendency (Gras et al., 2017, 2018, Sivasithamparam et 

al., 2015) developed at Chalmers University of Tech-

nology, Sweden. The model is commercially available 

in PLAXIS finite element software (PLAXIS bv., 

2021), however the results presented here are based on 

the inhouse version. 

Creep-SCLAY1S consists of three surfaces, as pre-

sented in Figure 1, which respectively represent an im-

aginary Intrinsic Compression Surface (ICS), a Current 

Stress Surface (CSS) and the border between small and 

large irrecoverable strain increments; a Normal Consol-

idation Surface (NCS). 

 

 
Figure 1. Definition of Creep-SCLAY1S in simplified triaxial 

space. 
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The concept of using an ICS (Koskinen et al., 2002) 

stems from Gens and Nova (1993), where an intrinsic 

surface mirrors an unbonded soil with the same void ra-

tio and fabric orientation as its bonded equivalent. 

The size of the three surfaces is determined by the 

intrinsic isotropic pre-consolidation pressure, 𝑝′𝑚𝑖, the 

equivalent mean effective stress, 𝑝′𝑒𝑞, and the isotropic 

preconsolidation pressure, 𝑝′𝑚, respectively, and the 

shape is governed by the stress ratio at critical state in 

compression (𝑀𝑐) and extension (𝑀𝑒), respectively. No-

tably, the generalized overconsolidation ratio 𝑝′𝑚 𝑝′𝑒𝑞⁄  

governs the magnitude of the visco-plastic strains, see 

Grimstad et al. (2010), whereas the relation between 𝑝′𝑚 and 𝑝′𝑚𝑖 describes the amount of bonding, 𝜒, and 

any subsequent degradation of these bonds (Koskinen 

et al., 2002).  

The orientation of the three surfaces in space is gov-

erned by the deviatoric fabric tensor, 𝜶𝑑, representing 

the fabric anisotropy, with a scalar equivalent 𝛼. The 

fabric anisotropy is defined by an initial value, 𝛼0, and 

changes as a function of irrecoverable strains, resulting 

in a strain-dependent evolving anisotropy (Wheeler et 

al., 2003). The latter is described by a rotational hard-

ening law: 

 𝜶̇𝑑 = 𝜔 [(3𝝈𝑑′4𝑝′ − 𝜶𝑑) ⟨𝜀𝑣̇𝑐⟩ + 𝜔𝑑 ( 𝝈𝑑′3𝑝′ − 𝜶𝑑) 𝜀𝑑̇𝑐]  (1) 

 
where 𝜔 is the absolute rotational hardening, 𝜔𝑑 is the 

relative rate due to deviatoric strain, 𝛔𝑑′  is the deviatoric 

stress tensor and 𝑝′ is mean effective stress. 𝜀𝑐 refers to 

the volumetric (v) and deviatoric (d) creep (c) strain re-

spectively, and the Macaulay brackets, 〈 〉, ensure only 

positive values of ε𝑣𝑐  are affecting the rotation in the dry 

side, see Wheeler et al. (2003). 

The inter-particle bonds and their degradation with 

respect to irrecoverable strains are similarly defined. 

The initial amount of bonding, χ0, is reduced via a de-

structuration law (Koskinen et al., 2002). Notably, when 

the destructuration law is switched off, i.e. χ0 = 0, the 

ICS is not used and non-intrinsic model parameters 

should be used. For most cases, this affects only the 

modified (intrinsic) compression index, λ(𝑖)∗ , since the 

modified creep index, 𝜇∗, is equal to its intrinsic coun-

terpart, 𝜇𝑖∗, for sufficiently large stresses, when all bonds 

are erased (Gras et al., 2018). 

The Lode-angle dependency is incorporated using the 

formulation by Sheng et al. (2000), modified to account 

for 𝜶𝑑, see Sivasithamparam et al. (2015). 

When all features are activated, the Creep-SCLAY1S 

requires 14 model parameters. 11 of these are conven-

tional (critical state) model parameters that can be de-

rived from standard laboratory tests, and the remaining 

three are calibrated by triaxial test simulations, as 

shown in e.g. Amavasai et al. (2018) and Tornborg et 

al. (2021).  

Most previous studies have started with a horizontal 

ground surface, which is actually a necessity for initial-

ization of the model. That is due to the formulation of 

the deviatoric fabric tensor (Wheeler et al., 2003), 

which is defined in general stress space as: 

 

𝜶𝑑 =
[  
   
 α𝑥 − 1α𝑦 − 1α𝑧 − 1√2α𝑥𝑦√2α𝑦𝑧√2α𝑧𝑥 ]  

   
 
  (2a)    α2 = 32 {𝛂𝑑}𝑇{𝛂𝑑}  (2b) 

 

with the property:  

 α𝑥+α𝑦+α𝑧3 = 1              (3) 

 

This means that an arbitrary soil stratigraphy and 

ground surface geometry would require six parameters 

for describing the fabric rotation. To circumvent this for 

the case of slopes, where y-axis is vertical, the first cal-

culation stage assumes a horizontal ground surface 

(α𝑥𝑦 = α𝑦𝑧 = α𝑧𝑥 = 0) with cross-anisotropy (𝛼𝑥 =𝛼𝑧) originating from 1D stress history, simulating the 

early origin of a natural slope with 1D sedimentation 

and isostatic uplift. 𝜶𝑑 can then be simplified to: 

 𝜶𝑑 = [− 13 𝛼0 23 𝛼0 − 13 𝛼0    0 0 0]𝑇    (5) 

 

where 𝛼0 can be derived from the critical friction angle 

via 𝑀𝑐 and by applying Jaky’s formula (Jaky, 1948), see 

Wheeler et al. (2003). 

The intended slope geometry is then obtained by a 

simultaneous unloading, and dewatering in sufficiently 

small increments, until the final geometry and pore 

pressure distribution of the natural slope is obtained, as 

illustrated in Figure 2. 

 

 
Figure 2 Illustration of the simultaneous unloading and 

ground water lowering to initialize the stress distribution. 

 

The slope is then brought to failure by applying a 

gravitational increase (Chen and Mizuno, 1990), similar 

to a centrifuge test, since the evolving rate-dependent 

strength resulting from the model depends on the stiff-

ness as well as the ultimate strength parameters. The re-

sults presented in this paper uses PLAXIS 2D (version 

21.01.00.479) with the built-in linear increase of  
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gravity. The rate was chosen to 1-g per 12 h, with a max-

imum target value of 2-g. Such a high rate means that 

the failure is triggered by excess pore pressures, simu-

lating the undrained situation. 

3 BENCHMARK SLOPE 

A representative geological site with large deposits of 

sensitive soft clay was chosen to illustrate the effect of 

fabric and bonding in the soil. The site is located 13 km 

north of Gothenburg, in the Göta River valley, and was 

extensively investigated during the planning and design 

process of BanaVäg i Väst with new motorway and 

highspeed railway in the area, see Karlsson and 

Karstunen (2017). The slope geometry and laboratory 

tests on samples from the site were used for calibration 

of the model parameters for Creep-SCLAY1S, with the 

resulting values presented in Table 1 and 2. The chosen 

values are further described in Sellin et al. (2023). 

 
Table 1. Model parameters for Creep-SCLAY1S for the geo-

logical site. 

Parameter Definition Value λ𝑖∗ Modified intrinsic compression index 0.08 λ∗ Modified compression index 0.2 𝜅∗ Modified swelling index 0.008 𝜈′ Poisson’s ratio 0.2 𝑀𝑐 Stress ratio at critical state  

in triaxial compression 

1.75 𝑀𝑒 Stress ratio at critical state  

in triaxial extension 

1.2 𝛼0 Initial value of anisotropy 0.72 𝜔 Absolute rate of rotational hardening 55 𝜔𝑑 Relative rate of rotational hardening 0.98 𝜉 Absolute rate of destructuration 8 𝜉𝑑 Relative rate of destructuration 0.35 𝜒0 Initial amount of bonding 15 𝜇(𝑖)∗  Modified (intrinsic) creep index 0.0013 𝜏 Reference time [days] 1 

 
Table 2. Depth-dependent model parameters for the geologi-

cal site. 

Depth  

[m] 
γ 

[kN/m3] 

kh=kv 

[m/s] 

OCR 

[-] 

POP 

[kN/m2] 

e0 

000 - 01.0 17.0 1∙10-9 1.5 - 1.70 

01.0 - 04.5 15.4 1∙10-9 1.5 - 1.70 

04.5 - 11.5 15.4 8∙10-10 - 16.0 1.70 

11.5 - 23.5 16.0 8∙10-10 - 16.0 1.62 

23.5 - 25.0 16.3 6∙10-10 - 18.5 1.78 

3.1 Isotropic model 

First, an isotropic reference calculation was performed, 

where both fabric anisotropy and any degradation of 

bonds were excluded (𝛼0 = 𝜔 = 𝜒0 = 0). The refer-

ence calculation thereby consists of a rate-dependent 

and Lode-angle dependent MCC-formulation, illus-

trated in Figure 3 using the mean effective stress, 𝑝′, and 

the deviatoric stress, 𝑞. 

The initialization of the stresses in the slope resulted 

in large stress rotations under the riverbed and in the 

lower part of the slope, as expected and shown in Figure 

4. 

 

 
Figure 3. Surface rotation due to the deviatoric fabric tensor 𝜶𝒅, with an initial value of 𝛼𝑜. 
 

 
Figure 4 Principal stress directions, isotropic reference case. 

 

This implies that strain-rate dependent mobilised 

strength will vary within the slope, as the real behav-

iours would be expected to be. However, when the grav-

itational increase is simulated using the isotropic model, 

the slope does not develop a failure mechanism for the 

2-g/24 h loading, and total (imaginary) displacements 

up to 15 cm is predicted. The displacements occurred 

mainly at the toe of the slope, indicating a very localised 

movement. The results are expected, due to the signifi-

cant overestimation of the mobilized strength in exten-

sion by an isotropic model compared to its anisotropic 

counterpart. 

The same calculation setup was performed with in-

clusion of destructuration (𝛼0 = 𝜔 = 0,  𝜒0 ≠ 0). Since 

the destructuration only affects post-peak strength, the 

results show the same type of soil response, with maxi-

mum 15 cm of total displacement at the toe of the slope. 

The colour shadings in Figure 5 shows the size and dis-

tribution of the total displacement in the slope after 

gravitational increase. 
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Figure 5 Colour shading represents total displacement for the isotropic reference calculation with destructuration. Black and 

grey failure lines illustrate the total deviatoric strains from calculations with fixed and evolving anisotropy, respectively. 

 

 

3.2 Effect of fixed anisotropy 

The initial rotation of the three surfaces, 𝛼0, originates 

from the initialization of the model and the fabric orien-

tation assuming horizontal ground surface, and repre-

sents the vertical sedimentation of clay particles. By as-

signing ω = 0 in Eq. 1, this initial fabric rotation is 

fixed and unaffected by the subsequent irrecoverable 

strains from unloading. Thus, only initial anisotropy is 

considered and assumed to be fixed. Figure 3 illustrates 

this initial rotation with 𝛼0 and its difference to the iso-

tropic case. It should be noted that, given the Lode-an-

gle dependency is included, the reference surfaces have 

a non-symmetrical shape around the 𝛼0-axis. 

 A calculation was performed with fixed anisotropy 

and destructuration (𝛼0 ≠ 0,𝜔 = 0,  𝜒0 ≠ 0), which re-

sulted in a failure after 8 h, corresponding to 0.66-g. 

Figure 5 shows the failure mechanism with respect to 

total deviatoric strains and, notably, a beginning of a 

second, much smaller, shear band in the middle of the 

slope. 

The failure mechanism has a non-circular shape, as a 

result of the fixed anisotropy. Additionally, the mobi-

lized strength is potentially overestimated in the upper 

part of the slope and is likely underestimated closer to 

the slope toe, as illustrated in Figure 3.  

3.3 Effect of evolving anisotropy 

Inclusion of the rotational hardening law (Eq. 1) allows 

the three surfaces to rotate in space, and thereby simu- 

late the soil response under an evolving fabric anisot-

ropy due to irrecoverable strains individually in each 

stress integration point. As a result, the initialized 

stresses in the slope, due to unloading and dewatering, 

are accounted for in this anisotropic formulation, and 

the anisotropy varies within the slope. The evolving ro-

tation in one stress point is schematically illustrated in 

Figure 3, and the corresponding spatial variation of the 

scalar value of 𝛼 is shown in Figure 6. 

 For the case of evolving anisotropy with destructu-

ration (𝛼0 ≠ 0,𝜔 ≠ 0,  𝜒0 ≠ 0), the gravitational in-

crease results in a large failure mechanism, as depicted 

in Figure 5. The failure occurs after 17 h, corresponding 

to 1.40-g. 

As seen, the slip surface is clearly larger than the cor-

responding slip surface using a fixed anisotropy, result-

ing in a more circular shape. Previous studies of the 

same slope (Sellin, 2019) using Tresca failure criterion 

has shown similar size and shape of the failure mecha-

nism. 

3.4 Effect of destructuration 

The isotropic reference case did not develop a failure 

surface neither with nor without destructuration, and 

both the magnitude of the displacements and its pattern 

in the slope were very similar. This shows that the effect 

of destructuration is neglectable in slope stability con-

text when no failure mechanism is developed, since the 

post-peak values are never reached.  

 

 
Figure 6 Scalar value of 𝜶𝑑 after slope formation; (a) isotropic model; (b) fixed anisotropy and (c) evolving anisotropy. 
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For the case with evolving anisotropy, the exclusion 

of destructuration (𝛼0 ≠ 0,𝜔 ≠ 0,  𝜒0 = 0) resulted in a 

wider shear band, as shown in Figure 7. The failure oc-

curred after 22 h (at 1.85-g), clearly exceeding the sta-

bility obtained with destructuration. Same behaviour 

was noticed for the fixed anisotropy with/without de-

structuration, where the exclusion of destructuration re-

sulted in a failure after 10 h (at 0.86-g). In the latter case, 

however, the failure mechanism changed shape to re-

semble the case with evolving anisotropy, as shown in 

Figure 7. This illustrates how the inclusion of post-peak 

softening, via the destructuration, affects the progres-

sion of the failure, the failure mechanism and thereby 

also the ultimate load that the slope can withstand. 

 

 
Figure 7. Failure surfaces, here represented as total devia-

toric strains, from simulations without destructuration. 

4 CONCLUSIONS 

The aim of the study was to investigate the use of an 

advanced constitutive model for slope stability assess-

ment in sensitive clay via a benchmark slope. The hier-

archical rate-dependent model used allows for isolation 

of the effects from fabric orientation and inter-particle 

bonds, respectively, on the stability and failure mecha-

nism. The results show that the stability of a natural 

slope is overestimated when excluding anisotropy. Ad-

ditionally, the use of a fixed anisotropy is likely to un-

derestimate the mobilized strength in the lower, un-

loaded, part of the slope, and with both the failure 

mechanism and the ultimate gravity at failure (that can 

be considered as a proxy to the safety factor) varying 

with the use of destructuration. 

When evolving anisotropy is included, the failure 

mechanism (in undrained conditions) is identical to pre-

vious studies of the slope using total stress analysis. The 

impact of destructuration is neglectable for the failure 

mechanism when using evolving anisotropy, but in-

creases the ultimate gravity at failure, implying that the 

destructuration, as a fundamental feature of sensitive 

clay behaviour, affects the progression of the failure. 

The results highlight the importance of including evolv-

ing anisotropy and destructuration when simulating 

slope stability in sensitive soil using a rate-dependent 

model, in order to account for the spatially varying stress 

distribution and the corresponding soil response. The in-

clusion of rate-dependency ultimately allows for model-

ling the soil response as a function of time, enabling to 

account for environmental changes, such as changing 

pore pressures. 
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