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1 Introduction

The stability of slopes is a well-known subject introduced for more than a century ago, with
pioneering work by e.g. Petterson (1916) and Hultin (1916). This led to development of well
established calculation methods and the current national guidelines, in which the effect of
climate is most often included as a variation of the (ground) water level. However, climate
research show that the Nordic countries will suffer from increased average temperature, more
precipitation and higher likelihood of intense precipitation. As seen in Figure 1.1, the mean
temperature in Sweden is expected to increase by 2°C to 6°C by year 2100, and the yearly
amount of precipitation will increase by up to 20 %. The increase is expected to be larger
in the Northern parts of the country, as well as larger on the West Coast than East Coast
(Swedish Meteorological and Hydrological Institute, 2019). This is changing the environmental
loads on slopes, in addition to secondary effects such as drought, fire and extreme cycles of
drying-wetting and freeze-thaw. These new climate loads, combined with the uncertainties of
both climate impact and soil properties, may lead to unnecessary, costly mitigation measures
or undetected risks for infrastructure and constructions.

The report compares four available methods for stability analyses, and discusses a new
methodology for evaluating the stability of slopes, as an initial step for evaluating the effect of
different climate scenarios on slopes stability. The report also presents climate scenarios which
are likely to occur in relation to Swedish slopes and summarises international research on how
these climate scenarios could affect the stability or the strength of the soil in the slope.
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Figure 1.1: Projected changes in annual mean temperature (left) and annual precipitation
(right) in comparison to average value for the period 1961-1990. Black lines show the mean
value from each emission scenario. Data collected from Swedish Meteorological and Hydrological
Institute (2019).



2 Soil strength and soil models

2.1 Swedish practice

The strength of a soil, in terms of slope stability, is by Swedish practice described with the
undrained cohesion c¢,, based on total stresses or drained shear strength expressed with effective
stress parameters ¢ (the cohesion intercept) and ¢’ (the friction angle). The value of ¢, is
obtained from field or laboratory tests, such as vane tests, fall cone tests and CPTU. It is
correlated to the depth or elevation where the field test is performed or where the soil sample
is retrieved, corresponding to the in situ effective stress state. The value of ¢, is by practice
and recommendation corrected for the three test methods mentioned above with respect to the
liquid limit, wy, for the corresponding depth, see e.g. Larsson et al. (2007). The consistency of
the soil, described with the liquid limit, is used to account for e.g. rate effects and anisotropy.

The mobilised shear strength is assumed to be a function of the depth or the elevation within
a geological site, which imply that the soil strength is often treated as an one-dimensional
concept dependent on (1) the experienced and current vertical effective stress and (2) the
consistency of the soil, represented by the liquid limit. This approach is an adoption of the
Mohr-Coulomb failure criterion (eq. 2.1), which assumes a perfectly-plastic behaviour of the
soil:

7=+ 0 tany’ (2.1)

where 7 is the mobilised shear strength and o/, is the normal effective stress at the plane of
failure. By using Mohr-Coulomb failure criterion as a soil model, we assume that the shear
strength parameters are constants and unaffected by any deformations and softening during
extensive loading or failure. It is, therefore, impossible to do an estimation of strains or
displacements in the soil before or after failure. The assumption of rigid-plastic behaviour until
Mohr-Coulomb failure is used in Limit Equilibrium Method (LEM) for slope stability, which
incorporates simplified static conditions along the failure surface, and is therefore unable to
compute deformations in the soil.

Another simplification in using Mohr-Coulomb failure criterion as a soil model relates
to its definition in three dimensions, with a hexagonal cone, where the intermediate stress
is neglected, and thus does not influence the strength in the soil. This can be especially
problematic simplification in complex slope geometries, where the stress state is truly three
dimensional.

Moreover, when loaded soils may experience both (recoverable) elastic and (irrecoverable)
plastic strains, depending on the whether the maximum previous stress is exceeded or not, as
can be seen in an oedometer test. In terms of soil modelling, this is overcome by adding a
‘cap’, i.e. yield surface, to the failure criterion, and thereby distinguishing between small and
large irrecoverable strains. An elastic-perfectly plastic model, such as Mohr-Coulomb, has a
fixed yield surface, and does not predict the development of shear strength that can be noticed
in e.g. direct simple shear test. As seen in Figure 2.1 and discussed by Muir Wood (1990), the
soil underneath an external load experiences increasing deformations before it reaches failure,
which means that the soil elements in (C) have reached beyond the measured peak strength
(A) before failure. By assigning a constant value of the (peak) shear strength along a failure
surface, the mobilised shear strength in point (B) and (C) will be overestimated, and any
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influence of the inclination or direction of failure surface is ignored.

T/\ A

Figure 2.1: Variation of mobilized shear strain along failure surface, where the shear strain, -,
is presented against the shear stress, T. Adapted from Muir Wood (1990).

2.2  Yielding of natural soils

A fixed yield surface or a failure criterion does not capture any evolution of the yield surface
when the soil is subjected to varying loads. As can be seen from triaxial results in Figure
2.2, where each point represents the peak strength from a triaxial test, the dependence of
yielding on effective stress level is noticeable. Therefore, a more comprehensive soil model
should include expansion (hardening plasticity) and contraction (softening plasticity) of the
yield surface when the soil is subjected to irrecoverable, plastic, strains. Hence, elasto-plastic
models are constructed with four components; (1) an elastic law to describe the recoverable
strains, (2) definition of yield criterion, to define a distinction between elastic and plastic
strains, and implying the boundary between small and large strains, (3) a flow rule, to define
the proportions of plastic strain increments, i.e. the ratio between the plastic volumetric and
plastic shear strain increments, (4) a hardening rule, which defines the plastic strain increment.

An example of such a model is the Modified Cam Clay (MCC), introduced by Roscoe and
Burland (1968). The formulation in MCC assumes an isotropic soil behaviour, which does
not predict the anistropy seen in sensitive clay as a result of gravity, sedimentation, creep
and /or previous loading history, apparent in Figure 2.2. It is also evident from experiments
that the strength is affected by the stresses the soil is experiencing, the orientation of the
stresses and the rate of which the stresses are applied. In addition, the apparent bonding
between particles have proven to affect the strength. The constitutive model used in this
project is the rate-dependent Creep-SCLAY1S model, which is hierarchically built from the
MCC formulation, see e.g. Wheeler et al. (2003), Karstunen et al. (2005), Sivasithamparam
et al. (2015), Gras et al. (2017) and Gras et al. (2018).

2.3 DMobilisation of strength under triaxial loading

An established method in Sweden for accounting the effect of anisotropy in Limit Equilibrium
Method (LEM) is to divide the slip surface in three zones; ”active” zone, direct shear zone
and "passive” zone, referred to as ADP-zones, where each slice has one zone applied, based on
the inclination of the base of the slice. The mobilized shear strength in the direct shear zone
is thought to correspond to results from direct shear tests, and ”active” and ”passive” zone
refers to peak strengths obtained from triaxial compression and extension test respectively. As
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Figure 2.2: Yield curves derived from triaxial tests performed on Winnipeg clay from four
different depths. (A) Yield curves in mean effective stress-deviator stress (p' —q) space (B) yield
curves normalised with preconsolidation pressure (o).). Adapted from Graham et al. (1983).

discussed by Svahn (2015), however, the effect of applying ADP-zones gives varying results
depending on the shape and location of the failure, as a steep slope with a steep failure
mechanism will have a large number of slices acting in the "active” zone and few or none in
the "passive” zone. On the contrary, a shallow slope will mainly include direct and ”passive’
zone along the slip surface. This kind of approach does not necessarily include the effect of
horizontal effective stresses, and the rotation of the principal stresses on the mobilised shear
strength, even if the inclination of the slice base is somewhat related to rotation of the principal
stresses. Simulations of triaxial tests with varying OCR are shown in Figure 2.3, where an
anisotropic model with stiffness degradation is used. As seen from the figure, the OCR and the
respective Ky affect not only the mobilised peak strength of the soil, but also the strain at the
peak. The effective stress path is plotted in the mean effective stress-deviator stress (p' — q)
space (left), axial strain €, vs deviator stress (middle) and ¢, vs the stress ratio ¢/p’ (right).
This highlights the importance of using a soil model that includes the effect of time and stress
history, as well the effect of the direction of loading. The figure also shows the benefit of using
a critical state model, where the ultimate strength, expressed as the critical stress ratio in
compression M, and in extension M., are independent of the chosen OCR and K.
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Figure 2.3: Simulations of triaxial tests in compression and extension with different Ko—values,
assuming the same horizontal effective stress. M. refers to the slope of the critical state line in
compression and M, is the corresponding slope for extension.



3 Methods for the evaluation of slope stability

New methods for calculation of slope stability have been developed during the recent years, as a
result of research and increased computer capacity. Each method presented in the following has
its advantages and disadvantages, even though one of the methods might be preferred as a result
of tradition and simplicity, and the compliance with national guidelines and standards. An
extensive guideline for slope stability calculations and the common mistakes in infrastructure
project is presented by Finnish Transport Agency in the publication by Abed and Korkiala-
Tanttu (2018). This chapter presents some methods for slope stability calculations that are
available today:.

3.1 Limit Equilibrium Method

The Limit Equilibrium Method (LEM) is the most commonly used method for slope stability,
implemented in different forms over more than a century, by e.g. Hultin (1916), Bishop (1955)
and Morgenstern and Price (1965). The method discretises an assumed sliding mass in to
vertical slices for which force and/or moment equilibrium is calculated for each slice and
the total mass. The value of the stability in LEM is then defined as the ratio of the shear
strength along the slip surface over the shear stress for the same surface, called the Factor of
Safety (FoS), as defined by Fellenius (1926). The benefit of the method is its simplicity, both
computationally and logically. But the simplicity also result in some major drawbacks: (1) the
shape and size of the failure surface is subjectively predefined by the user, (2) the mobilized
shear strength for each slice is assumed to be constant (3) the method is mainly applicable
for simple isotropic soil models, as it i not possible to account for changes in soil response
(softening, hardening), even though possible add-ins for anisotropy are available. This could
lead to an over- or underestimation of the stability, as well as the most critical slip surface
may be overlooked.

3.2 Discontinuity Layout Optimization

Discontinuity Layout Optimization (DLO), similar to Finite Element Analyses (FEA), simulates
the soil mass by discretizing it. In DLO this means representing the soil with a large number of
sliding blocks. Similar to LEM, the equilibrium is dictated by the shearing between the blocks,
but DLO is based on the upper bound theorem of plasticity (i.e. kinematics) rather than
(stress) equilibrium. This means that the safety factor is described as the rate of work due to
external loads over the simultaneous work done by internal stresses (Smith and Gilbert, 2007),
similar to FEA. DLO is implemented in the software LimitState:GEO, where the safety factor
can be obtained by either: (1) reducing the cohesion intercept, ¢, and the friction angle, ¢’
simultaneously, called Adequacy on strength or by (2) increasing the gravity in the model until
failure, called Adequacy on load. The advantage of DLO compared to LEM is the independent
search of the critical failure mode, both in terms of shape and location, where the number of
sliding blocks is the main restriction. The disadvantage is that just like LEM, the mobilized
shear strength is constant for each sliding block, and at the time of writing only static isotropic
material models were available. As a conclusion, DLO is favourable over LEM for simplified
slope stability calculations where non-circular failure modes are expected.

b}



3.3 Finite Element Limit Analysis

Finite Element Limit Analysis (FELA) implements both the lower bound theorem (static
equilibrium) and upper bound theorem (kinematic equilibrium) for a discretized soil mass,
divided in to a mesh of finite elements (Sloan, 2013). By using finite elements, it is possible
to account for a stress history in the soil mass. The (effective) stress state is used as input
for the safety calculation, where an analysis is performed for each theorem, and the interval
between them is narrowed down by increasing (automatically) the mesh density. The method is
implemented in the software Optum G2/G3, where the safety factor is determined analogously
to DLO, by either: (1) reduction of ¢’ and ', called Strength Reduction or (2) increase of gravity,
called Limit Analysis with gravity. FELA is a simple but rigorous method for determining the
critical failure mode, with the advantage of an independent search of the critical failure mode,
similar to DLO. The drawback is the lack of possibility to include anisotropic or advanced soil
models. The method, just like LEM, also offers some crude anisotropic formulations for total
stress analyses.

3.4 Finite Element Analysis

Calculations of safety factor with Finite Element Analysis (FEA) are performed for a soil mass
divided into a mesh of elements, where the response of each element is computed based on input
data and the interaction with the surrounding elements. This is in contrast to DLO, where
each block acts individually. In FEA, the failure mode is dictated by the material model and
the (effective) stress state, resulting in a slip surface located where the mobilized shear strength
is lower than the applied shear stress. This fulfils the both static and kinematic conditions
simultaneously, in contrast to LEM, DLO and FELA. The safety factor is determined by either:
(1) reducing ¢’ and ¢’ available as a built in function in PLAXIS or (2) increasing the gravity,
which is performed manually in PLAXIS. Note that ¢’-¢'-reduction requires a material model
where these two parameters are defined, and is by definition not compatible with e.g. soil
models sprung from Modified Cam Clay implemented as user-defined models. The advantage of
FEA over FELA and the other methods previously mentioned is the ability to adopt advanced
material models. Thus, the changes of effective stresses and the mobilized strength in the slope
can be modelled as a function of time, or as a result of changing environmental conditions.

3.5 Discussion and comments

The safety factors dictated by the lower or upper bound theorems are clearly defined; the
failure is obtained when no static or kinematic equilibrium can be achieved. This is similarly
done in FEA, where the numerical procedure is performed until no equilibrium is achieved
within certain number of iterations (Oberhollenzer et al., 2018). The safety factor is thereby
very sensitive not only to the numbers of elements but also to the size of calculation increments,
since this dictates when the stress path reaches the failure criterion. It is also worth noting
that a gravity increase in FEA can possibly increase the strength of the material in effective
stress analysis, potentially creating unrealistically high safety factors for shallow slopes when
using Mohr-Coulomb model. This issue has been discussed by Swan and Seo (1999) and Hu
et al. (2019).



As seen in the comparative study when using Mohr-Coulomb as failure criteria, presented in
Appendix I, the failure mode and safety factor varies between the methods for small changes
in the cohesion intercept ¢’. This implies uncertainties in the calculation methods, as well
as emphasises the importance of choosing an appropriately justified value for ¢/. In addition,
LEM and DLO gives the least conservative result for effective stress analyses, thus there is the
need for considering other methods. The results also highlight the danger of implementing
advanced climate-scenarios in calculation methods with built-in assumptions of failure mode,
or indeed soil models without cap, as the safety factor varies substantially already without
considering any climate scenarios.

3.6 Probabilistic approach

All geotechnical problems include parameters with different levels of uncertainties, e.g. external
loads, surface geometry, ground water level, pore pressures, soil stratification, depth to bedrock,
soil properties and model parameters. Each uncertainty is originating from one or both of the
categories;

e Aleatory uncertainty: the natural variation of the soil.

e Epistemic uncertainty: the variation of human knowledge or practical handling of
calculation tools, equipment and soil samples. This is something that can be reduced by
education or research.

Determination of the strength of soil is a combination of both, as recognised by e.g. Wood
(2016) and Christian et al. (1994). Thereby, the commonly used deterministic approach with a
factor of safety only gives a partial representation of the actual safety margin (Lacasse, 2016).
Both Eurocode with partial factors and Skredkommissionen (1995) include a safety margin and
have varying target values of FoS depending on the consequence, where Skredkommissionen
(1995) in addition favours the use of anisotropy and advanced laboratory tests. The partial
factors of Eurocode, on the other hand, account for the natural variation of the soil parameter,
the variety of test methods and sample distance, with a simplified probabilistic approach to
include uncertainties in the soil parameters. Even so, neither of the methods assess the actual
effect of soil variability on the factor of safety. Furthermore, with LEM we often assume a
circular slip surface, which raises questions of both the reliability and the correctness of the
failure mode. It is only by accounting for uncertainties in the soil that the risk level can be
described (Lacasse, 2016).

An established method of dealing with uncertainties in slopes is by implementing the annual
probability of failure, Py, in comparison to the deterministic Factor of safety. The benefit of
using Py is that it can be combined with a consequence (e.g. monetary or life) to give a risk
level, to be compared with a tolerable risk that society can live with. This has for instance
been implemented in Australia, where Walker et al. (2007) suggest the annual tolerable risk
for loss of life should be 10~ for existing slopes standing minimum 10 years and 107> for new
slopes, either man-made or modified. These threshold values should not be compared with
the Swedish regulations based on FoS, since any relation between Py and FoS from LEM is
site-specific, as discussed by Lacasse (2018).



4 Test excavation in soft Champlain Sea clay

Even though failures of sensitive clays slopes and cuts made in sensitive clays are common,
there are not many well-documented case studies. A test excavation was performed in August
1986 in soft clay, located approximately 40 km east of Montreal, Canada (Lafleur et al., 1988).
The excavation measured 60 x 60 m on the surface and was 8 m deep, where each slope
was respectively 18°, 27°, 34° and 45° to the horizontal. The purpose was to investigate the
applicability of effective stress analyses to the design of cuts in sensitive clays.

The soil consisted of 0.6 m sand followed by a 1.8 m layer of fissured clay. A homogeneous
clay layer extended to approximately 33 m depth resting on till. Sampling showed thin,
discontinuous sand lenses, but results from piezometers showed no indication of a draining
layer. The excavation was performed in two stages during one month; firstly down to 4 m
depth, followed by a second excavation down to 8 m depth. The slopes were instrumented
with, in total, 34 piezometers, located at several depths for each slope in the toe, the middle,
the crest and 30 m from the crest. In addition, the two most shallow slopes (18° and 27°) had
each 3 horizontal total pressure cells installed at 2 m depth.

Movements were recorded during the excavation in the 45° slope, and after excavation also
in the 34° and 27° slope. The 18° slope remained intact during the test period of 1 year, as
presented in Figure 4.1. The failure pattern was similar for each case; starting with visible
cracks at the crest of the slope followed by a minor, shallow slip. A major failure followed
a few days later, stretching to the toe of the slope, see Figure 4.1. The upper 2-3 m of the
slip surface was vertical, corresponding to pre-existing tension cracks. Witnesses on the site
describe that the slides occurred within seconds. The triggering was suspected to be related to
the inclination of the slopes rather than climate conditions, since the first sign of failure in the
three slopes was roughly inversely proportional to the inclination of the slope; the 45° slope
started to fail day 0-2, the 34° on day 7 and the 27° slope on day 26.

Figure 4.1: Design of test site. Dashed lines with numbers indicate the areas of movement and
their chronological order. From Lafleur et al. (1988).



Back-calculations were performed for the 34° and 45° slopes with total and effective stress
analyses with Bishops simplified method using LEM. The undrained strength parameters
were taken as the minimum values from vane tests obtained before excavation and reduced by
approximately 15%. The effective stress analyses were performed with ¢’=6 kPa and ¢'=28°,
as proposed as lower-bound values for Canadian marine clay in previous literature. The pore
pressure distribution was based on the field measurements.
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Figure 4.2: Documented movements and corresponding back-calculations. From Lafleur et al.
(1988).
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Figure 4.3: Results from total stress analyses for varying depth and inclination of the slopes.
Arrow indicate the registered slope failure in the test excavation. From Lafleur et al. (1988).

The result presented in Figure 4.2 show that the calculated slip surfaces from the total
stress analyses does not capture the initial, shallow failures, as well as the effective stress
analyses. As the failures occurred within seconds, it might be tempting to adopt undrained,
total stress analyses, but the calculations presented in Figure 4.3 show that results from total
stress analyses overestimate the stability of the slopes that failed. Even though the failures were
rapid, there were continuous changes in the pore-water pressures as a result of the excavation
and the related deformations. It is evident that the total stress analyses, based on peak values



of undrained shear strength, do not reflect the actual soil behaviour. Instead, the effective
stress based approach in combination with measured pore-water pressures at the moment of
failure predicts the failure mechanism much better.

The conclusion of the paper is that even if failure occurred in just a matter of seconds
(implying an ”undrained” scenario), the failure is connected to the pore pressure changes
occurring due to the excavation. Steady-state, or long-term conditions pore pressures occurred
5 months after the excavation of the cut, and all failures occurred before that. The main
outcome of the experiments is the importance of accurate pore pressure assumptions, even for
an apparent case of undrained stability:.
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5 Comparison of calculation methods

A geological site located approximately 12 km north of central Gothenburg was chosen to study
different methods for slope stability analyses. The area is situated along Gota River and was
thoroughly investigated during the planning and design process of the motorway E45 and the
adjacent railway Vanerbanan. Figure 5.1 shows the chosen geometry, with hydrostatic pore
pressure distribution and an assumption of no dry crust. The free water level was assumed to
be at level -4, in order to create a critical slope scenario for the simulations. Further details on
the geological conditions are found in Appendix I and II.
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Figure 5.1: Chosen geometry and ground water level of the cross section. Note: The model is
horizontally cropped.

The stability of the slope was investigated with four methods; LEM, DLO, FELA and FEA
with Mohr-Coulomb failure criteria as soil model with both total- and effective stress based
analyses. The critical failure mechanism in DLO, FELA and FEA was identified by using either
reduction of the shear strength, ¢’-¢'-reduction, or by increasing the gravity in the model. Full
results are presented in Appendix 1.

The main outcome of the study was that all results from the total stress analyses showed
similar failure mechanisms and safety factors. There was, however, a larger discrepancy between
the results for effective stress analyses, where the non-FE-based methods, LEM and DLO,
consistently showed the highest safety factors. This implies an inconsistency in the applications
of the calculation methods. Sensitive clays are brittle materials that display strain-softening
under undrained shear deformation, which may lead to the development of a progressive
failure in the slope. Thus, we need to understand the effects of the soil stiffness, the rate of
strain-softening and the residual resistance on the propagation of failure. In order to account
for the complex stress history and state in a slope, an effective stress based method with
representative constitutive model is needed, as deformations before the failure could affect the
failure mechanism.

By using FE-based methods, the static and kinematic equilibrium are automatically fulfilled,
and the failure mechanism can automatically develop in the weakest zone of the slope, regardless
of the shape. In addition, by using increased gravity, the soil strength parameters are kept intact,
and the failure mode is naturally triggered by the increase in soil weight and pore pressures.
The ’-¢'-reduction, on the other hand, has the risk of affecting the failure mode when the
strength parameters are reduced. It is therefore highly recommended to use increased gravity
to simulate slope failure, even with a simple elasto-plastic soil model, such as Mohr-Coulomb.
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6 Proposed method for stability evaluation

A new approach for slope stability evaluation is under development to overcome the shortcomings
discussed in chapter 5. The proposed method is compatible with hydrological, hydrogeological
and/or temperature simulations within fully coupled stability analyses. The analyses are
done with PLAXIS 2D finite element code using the anisotropic rate-dependent soil model
Creep-SCLAY1S.

6.1 Chosen soil model

Creep-SCLAY1S is an hierarchically formulated extension of the well-established elasto-plastic
strain hardening model Modified Cam Clay (MCC) using critical state theory. The extension
SCLAY1 accounts for both initial and evolving anisotropy, where the initial anisotropy includes
both a rotation of the yield surface as well as allowing the yield surface to have a non-circular
shape in the deviatoric plane. The evolving anisotropy on the other hand is represented by
a strain-dependent reduction of the rotation through a separate rotational hardening law,
in addition to the hardening law already formulated in MCC (Wheeler et al., 2003). The
following SCLAY1S also includes bonding between particles in the soil and its destructuration
during plastic strains, represented by a third hardening law (the destructuration law) with
an initial bonding estimated from the sensitivity of the soil (Koskinen et al., 2002). Finally,
Creep-SCLAY1S includes rate-dependency and adds a creep component to all strains during
loading /unloading. As so, creep is included for both elastic and plastic strains, which is an
acceptable simplification for normal consolidated or slightly overconsolidated soils. The creep
component is dictated by a constant rate of a visco-plastic multiplier which is scaled by the
rate of the relation between a current stress surface (CSS) and the corresponding stress surface
for normal consolidated soil (NCS) (Sivasithamparam et al., 2015). It should be noted that
the contribution of creep in the elastic range, when CSS is inside NCS, is very small.

Appendix III presents a comparison between the performance of MCC, SCLAY1S, with
and without destructuration, and Creep-SCLAY1S for undrained triaxial tests on undisturbed
samples taken in Gothenburg. As seen, the inclusion of anisotropy and destructuration in the
simulation captures the recorded strain softening in the samples. A more thorough theoretical
background to Creep-SCLAY1S is found in e.g. BIG Project A2015-06 with the report Amavasai
and Karstunen (2017).

6.2 Initiation of current stresses and geometry

The rotation of principal stresses has substantial effect on the mobilised soil strength when
using an effective stress based anisotropic rate-dependent soil model. It is therefore important
to simulate the stress state correctly in a slope scenario, starting from the specific geological or
man-made origin. This chapter focuses on a common scenario where a slope was created either
slowly by natural erosion or fast by excavation.

The first step in any FE analyses of slope stability is the creation of the initial stress state.
This can be done by so-called gravity loading, which results in a stress state that is in the
equilibrium, but does not allow to account for the effects of overconsolidation in the starting
value of Ky, the coefficient of earth pressure at rest. Thus, the resulting initial horizontal
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stresses are erroneous. Alternatively, we can start with K, procedure, creating the in situ
stresses with assuming appropriate Ky, assuming the soil layers to be horizontal. The current
stress state in the slope is then created by a gradual unloading (erosion) with a simultaneous
lowering of the water table, as seen in Figure 6.1. The initial calculation phase (phase 0) consist
of a horizontal ground- and groundwater level. Both ground- and water level are then gradually
lowered during calculation phase 1-5, and thereafter only the ground level is continuously
lowered (calculation phase 6-8) until the final slope geometry is reached at phase 8. Details of
the assigned hydraulic conditions are found in Appendix III.

As the static and kinematic equilibrium are fulfilled throughout the calculation phases,
the principal stresses are gradually changing with the calculation phases, as does the Kj.
In addition, since Creep-SCLAY1S is an anisotropic elasto-viscoplastic model with bonding
and bond degradation, the changes in effective stresses affect the state of the soil: the
preconsolidation, anisotropy and the amount of bonding.

Phase no
O~NONEAWN =

A
Figure 6.1: Schematic view of coupled simulation of erosion process (black and blue lines) and
ground water lowering (blue lines) that result in the final geometry.

6.3 Identification of failure mechanism and safety factor

The failure mechanism using Creep-SCLAY1S in FEA is induced by a gradual increase of the
gravity, regulated by the user who sets a target gravity that is larger than 1. It is recommended
to perform a non-FE stability analysis before any advanced numerical simulations, as discussed
by e.g. Abed and Korkiala-Tanttu (2018). The first target gravity can be selected as the Factor
of Safety obtained from the non-FE analysis rounded up to next integer. The applied gravity
in each calculation step is then dictated by (1) the target gravity, referred to as XM eigns in
PLAXIS and (2) the calculation progress, ¥ Mjtqg., with non-incremental steps from 0 to 1,
where the number of steps is assigned by the user. The reached gravity and the equivalent
Safety Factor, SF, is then calculated as:

SE = EA4weight X 2]\4smge (61)

The incremental increase of gravity is applied to the soil weight, and thereby gradually
increases the excess pore pressure until the soil collapses and the slope reaches failure. ¥Mgq¢
is thereafter constant in the remaining calculation steps due to the non-equilibrium situation
in the model.

The value of SF should at this stage of method-development primarily be used as a tool for
identifying failure mechanisms, investigating evolution of soil parameters over time in a slope
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and comparing different scenarios in the same model. The method should not be used as a
single tool for determining the safety factor of a slope, as discussed in the following.

6.4 Implementation on soft soil from Gota River valley

The same geological site as investigated in chapter 5 is revisited, with same (final) geometry.
The slope is assumed to erode by 1m/10 years, as presented in Figure 6.1. Chosen soil
parameters for Creep-SCLAY1S and their calibration against laboratory tests are found in
Appendix III. Note that the soil parameters are assumed to be valid for a horizontal surface,
as the soil samples were taken 15-30 m from the crest of existing slopes.

Figure 6.2 shows the result of the critical failure mechanism obtained by increasing the
gravity in finite element analysis in combination with the soil model Creep-SCLAY1S. The
target gravity was set to 2 with X Mg,g. set to 1000 steps, which resulted in a safety factor
of 1.36. As seen in comparison with Figure 6.3, the failure mode align well between the total
stress analyses with Mohr-Coulomb and the new method.However, the safety factors from the
total stress analyses are 1.15 to 1.19 whereas the safety factor is significantly higher with FEA
using Creep-SCLAY1S.

Figure 6.2: Critical failure surface obtained by increasing the gravity, with a calculated safety
factor of 1.36. The colour gradient represent the total shear strain, model horizontally cropped.

LEM, M-P: 1.19 FELA-LB-SRM: 1.16 FEA-SRM: 1.17
DLO-SRM: 1.18 FELA-UB-SRM: 1.17 FEA-GIM: 1.15

Figure 6.3: Critical failure surfaces and safety factors from total stress analyses using Mohr-
Coulomb, taken from Appendiz I.
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The gradual erosion, before the safety calculation, give predictions of how the principal
stresses rotate. For instance, in Figure 6.4, significant principal stress rotations are predicted
below the unloaded (eroded) zone, as well as the corresponding Ky-values in Figure 6.5 have
significantly increased. This affects the state of the soil, such as the size and the rotation of
the Normal Compression Surface (NCS), leading to changes in the mobilised strength in these
areas. As seen in Figure 6.6, a rotation of fabric in xy-direction, hence the rotation of NCS, is
linked to the unloading and this is predicted to occur in the area where the failure is located.
The effect of unloading to the other components of the fabric tensor (o, oy, ..) can be
found in Appendix IV.

The results highlight the importance of recreating the initial conditions of the slope before
performing a safety analysis, as well as taking the site-specific stress situation into account
when choosing a representative location for soil sampling.
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6.5 Numerical instabilities and convergence analysis

Erosion process

The erosion process presented as essential for FE stability analyses of natural slopes with
Creep-SCLAYS includes assumptions of the rate of erosion, and how the slope geometry and
water conditions evolved. The main disadvantage of this is the risk of generating unrealistic
(negative) excess pore pressure during the erosion phases, which may affect the calculated
stability. This is solved by adding a calculation phase after the last erosion step which reduces
any excess pore pressure to maximum 1 kPa. The results from assuming 1 m erosion / 10
years, has also been compared with an identical model with 1 m erosion / 100 years, which
gave very similar results in terms of both failure mechanism and safety factor. Thus, the rate
of erosion does not seem to affect the stability.

Mesh density and computational time

The accuracy in a numerical model is dependent on the number and type of elements (degrees
of freedom), and varies with the complexity of the geometry and the size of the model. In
particular, the number of elements affect the width of the shear band (approx. 1 element
wide), and consequently the obtained safety factor. The convergence analysis performed for the
implemented slope, Figure 6.7, shows that the relation is non-linear. The author is therefore
recommending a minimum of two mesh refinements to obtain a reliable result.Mesh sensitivity
studies are most important when modelling problems involving failure.
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2
o 141
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1.36 1 Figure 6.7: Correlation between safety factor
L34 ‘ ‘ ‘ ‘ ‘ ‘ and mesh density for sample slope in Gota River
0 2000 4000 6000 8000 10000 12000 14000 valley.

No. of elements in model

Number of nodes

The software used (i.e. PLAXIS) offers the option of performing calculations with 6 or 15
noded triangular elements. The choice affects the computational time, but may also affect the
safety factor. A comparison for the slope used in this report was made with a coarse mesh with
6176 elements in the final geometry, using both 6 and 15 nodes. The computational time was
reduced with 70% by reducing the number of nodes. In the latter case, however, no full shear
band or failure mechanism was developed and the safety margin increased with more than
8%, which is an expected behaviour according to PLAXIS (2019b). Thus, not only the mesh
density, but also the element type (and thus the number of degrees of freedom in numerical
modelling the problem) is important.
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Free-water and gravity

The increase of gravity in PLAXIS is applied differently on the steady-state pore water (long
term) and the excess pore pressure (short term) (PLAXIS, 2019a). The steady-state pore water,
such as hydrostatic pore pressure and free-water in rivers, is not increased incrementally with
Y Mtqge, but instead reaches its final value in the first, initial calculation step. The excess pore
pressure on the other hand, is dictated by the incremental increase of the soil weight, which is
controlled by X Ma4e. The effect of increasing the steady-state pore water all in on step is not
fully investigated yet. A tempting explanation, however, is that the entire soil mass experience
this drastic increase, therefore this does not result in any changes in the force equilibrium.
On the other hand, the effect of a river as a resisting force might be overestimated with this
method, as the final gravity, XM .ignt, is not intended to be reached in the calculation.
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7 Effect of the climate on slope stability and
soil strength

The effects of the climate on the stability can be divided into direct and indirect effect on the
stability. The clay affected will behave differently whether it is saturated or unsaturated. For
instance, a direct effect of rainfall in the saturated zone results in an increase in pore pressure,
whereas an indirect effect could be changes in the surface runoff followed by increased surface
erosion. Likewise, a direct effect of increased temperature is loss of vegetation and an indirect
effect is the loss of roots and their advantageous ductility and suction effects in the dry crust.
As seen in Figure 7.1, the interaction between air, water and soil is essential to describe the
effect of a changed climate. The scenarios presented in the figure are all based on marginally
stable slopes of today, with large depths to bedrock and steep slope geometry.

The matrix presented in Figure 7.2 is an example of categorisation of cause and effect
between isolated climate effects and their predicted impact on the stability of a slope. The row
for Geology and topography refers to shallow slopes or slopes with shallow bedrock, further
discussed in separate sub-chapter. The last row, Vegetation, is highly dependent on local
conditions and even the local microclimate.

Internal erosion occurs primarily in situations with high water levels and extreme water
flow within the slope. This is a rare phenomenon in sensitive clay in Sweden and will not be
investigated further in this report. However, Tang et al. (2018) discuss the possibility to reduce
the internal erosion by customizing the adjacent vegetation.

Weather/Climate

Desiccation cracking ~ Frost action

surf ff/ A'\/
urrace runo \)\

Internal erosion

Surface erosion

Ground water level

Figure 7.1: Soil-climate-vegetation interaction posing hazards in slope stability, figure based on
Tang et al. (2018).
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Figure 7.2: Correlation between environmental loads and their effects on slope stability parame-
ters, diwvided into direct, X, and indirect, O, effects.

7.1 Vegetation and evapo-transpiration

Evapo-transpiration is defined as the process of water brought to a vapour state either from
a wet surface (evaporation) or from plants leaves (transpiration). The rate of the process is
affected by e.g. temperature, wind and solar radiation, and the evapo-transpiration is expected
to strongly increase in Northern Europe as a result of climate change (Tang et al., 2018).

The occurrence of vegetation (roots) in slopes contribute to both tensile strength and
reduction of pore pressure via suction. The vegetation above the ground surface, however,
also adds weight to the slope, including the risk of overturning trees, and during dry periods
vegetation can both deepen and extend the desiccation cracks (Tang et al., 2018). The
measurable effect varies with the plant species, the spatial orientation of the slope and the
seasonal climate.

For instance, previous studies have shown that the tensile strength in roots from Scots pines
varies with the season, in addition to the naturally grown Scots pines generating stronger
roots than the planted pines (Genet et al., 2005). The seasonal change of the tensile strength
is a likely a result of the water content in the roots, as the strength usually decrease with
increasing diameter of the roots. In addition, as seen in the full-scale experiment performed
by Glendinning et al. (2014), the spatial variation of the slope direction affects the evapo-
transpiration and thereby the type of vegetation growth and its expanse. In the experiment,
the southern slope experienced more sunlight and was more exposed to wind, resulting in
a greater evapo-transpiration and thereby a greater drying, leading to a higher soil suction
than the northern slope. These tendencies could increase with more extreme weather in the
future, potentially leading to more extreme microclimates. The numerical study performed by
Tsiampousi et al. (2017) suggest that the seasonal fluctuations of precipitation and potential
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evapo-transpiration may reach deeper than the maximum root depth in the slopes of a road
cut. The study also simulated low and high water demand vegetation in the slope, where a low
water demand vegetation resulted in a reduction of the safety factor over time. Simulations
of a high water demand vegetation instead, increased not only the safety factor, but also the
vertical displacements.

7.2 Desiccation cracks

An effect of desiccation cracking is the risk of shallow, passive failures. This occurs after a dry
season, when the cracks are filled with water, creating an increased horizontal stress. Previous
experiments, such as Ng et al. (2003), show that the horizontal stress can become more than
three times higher than the vertical total stress.

Increased rainfall is mainly affecting the dry crust and shallow part of the slope, and is
especially a subject worthy for consideration for steep slopes. Several studies, such as e.g.
Glendinning et al. (2014), notice that increased rainfall is affecting the pore pressure down to
1.5 - 2.0 m depth, corresponding to the depth of cracks and fissures. The full scale rainfall
experiments performed by Ng et al. (2003) showed that the response in pore pressure, water
content and horizontal stresses occurred with 1-2 days delay after initiation of an artificial
rainfall. A majority of the effects occurred during the first 3 days, even though the slope was
exposed for artificial rainfall during 7 days.

7.3 Surface erosion

The common effect of surface erosion on slope stability along rivers and shorelines is the gradual
increase of slope gradient, as the slope is undercut by water flow and some of the weight at
the toe is removed. In addition, periods of drought lead to temporary reduction in water
infiltration, and thereby increasing the surface run off (Tang et al., 2018). As the drought
also leads to deepening of desiccation cracks, the surface erosion is likely to increase. Studies
also show that wildfires affect not only the vegetation and its canopy, but the additional top
layer of ash and the intense drying of the soil itself also lead to a temporary increase in water
repellency and thereby accelerating the surface erosion as well (Kinner and Moody (2008) and
Cannon et al. (2010)).
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7.4 Artesian pore pressure

An arising problem with increased precipitation could be the generation of artesian pore
pressure in gentle slopes with small depths to bedrock. The increase of precipitation will lead
to higher inflow to the bottom moraine, creating an increased pore pressure starting from the
bottom of the clay layer. This increase of pore pressure close to the bottom moraine has been
documented in Gothenburg, though unpublished, where the fluctuation in pore pressure is
suspected to be related to local precipitation. A major problem with these slopes is the risk of
them being overseen in conventional stability assessment, since they do not require a steep
inclination. The proximity to bedrock could even be classified as a positive feature for the
stability. Since this scenario is highly dependent on the local geology, a pragmatic approach is
to identify these slopes by GIS-analysis with depth to bedrock, in combination with occurrence
of clay and visible bedrock.

l l Infiltration
Yl

NN
- !{‘ YA

Figure 7.3: Infiltration in bottom moraine leading to artesian pore pressure.

7.5 Microscale destructuration

The soil response is dictated by many factors, such as loading history, water content and
salinity, but it also fluctuates with temperature. As shown by Li et al. (2018), the effect of
temperature changes in oedometer tests is related to the apparent bonding of the clay. This
could have a long-term effect on soil strength, as well as the continuous cycles of drying-wetting
and freezing-thawing of the soil. The depth of which the air temperature is affecting the soil
varies with the thermal properties of the soil, and an increase of the annual air temperature is
likely to increase the temperature through out the soil depth. The amplitude and frequency
of the cyclic drying-wetting and freezing-thawing will also affect the soil. For instance, the
study by Li (2019) shows that cyclic temperature changes are accelerating creep in sensitive
clays, in addition to the acceleration of creep due to static increase of soil temperature. Some
projections of freeze-thaw cycles for the Nordic countries show an increase of cycles in the
Northern parts and a decrease in the South, although the transition between them is yet
uncertain. Thus the changes in the amount of drying-wetting and freezing-thawing cycles may
lead to yet unexpected soil response.
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8 Conclusions

It is fundamental to use an effective stress based model in order to simulate and predict
the effect of various climate scenarios on the stability of slopes, as the pore pressure is an
essential parameter for determining the slope stability. This has been highlighted in e.g. the
full scale experiment on Champlain Sea clay. The new method proposed in this report show the
advantages of using effective stress FE analyses with an advanced soil model, where not only
the failure mechanism is identified, but also the evolution of stresses and the corresponding soil
response (e.g. anisotropy and destructuration). The results show that simulations of the stress
history to reach the current stress state in a slope is just as important as the choice of safety
analysis method. Likewise, visualizations of the current stress state show that undisturbed
soil sampling should be performed at a notable distance from the slope crest, in order to
avoid stress rotations in the sample and to be able to fully replicate the in-situ stresses in the
laboratory. The method proposed also has the possibility to be further expanded to include
effects from the climate, such as temperature, and the specific response in the unsaturated
zone. Overall, the assumed initial conditions, with complex stress orientation and anisotropy,
are essential for advanced slope modelling and for predicting slope stability for existing slopes
and their evolution in a future climate.
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ABSTRACT

This paper presents a comparison of four methods of analyses for slope stability for drained and
undrained conditions with Mohr-Coulomb failure criteria, applied on a simplified slope along
Gota River, Sweden. In addition to Limit Equilibrium Method (LEM), the methods include
Discontinuity Layout Optimization (DLO), Finite Element Limit Analysis (FELA) and Finite
Element Analysis (FEA), using both Strength Reduction Method (SRM) and Gravity Increase
Method (GIM). The results showed very good correlation between all methods for undrained
analyses, whereas the drained analyses showed a noticeable discrepancy in both the safety
factor and the failure mode for small cohesion intercept between SRM and LEM. Results from
the drained analyses performed with GIM were >100% higher than with SRM, or did not result
in the development of a full failure mode. The main conclusions drawn from this comparative
study are: 1) LEM is the least conservative method for all drained scenarios, and thus should
be used with caution; 2) The failure mode for small cohesion intercepts ¢ varies between the
methods, implying an uncertainty in the application of the methods; 3) The use of GIM requires
further study.

Keywords: Slope Stability Analysis, Strength Reduction Method, Gravity Increase Method,
Limit Equilibrium Method, Finite Element Limit Analyses

1. INTRODUCTION

Stability of slopes in cohesive soil has an important role of spatial planning of today, with both
densification of urban areas as well as continuous maintenance of existing and construction of
new infrastructure. The most commonly used methods for slope stability analyses are based on
either kinematical or statical assumptions, such as limit equilibrium method and limit analysis,
and are most often only applicable for isotropic material models, even though in some programs
built-in functions to account for anisotropy of the limiting strength exist. A more rigorous way
to model the behaviour of the soil is to use the displacement-based FEA (Finite Element
Analysis), with the benefit of having the ability to include advanced anisotropic material models
and strain softening, as needed for modelling sensitive clays.

This paper presents a case study where four methods of analyses for slope stability are applied
for drained and undrained analyses with Mohr-Coulomb failure criteria. The case study is the
initial result of a research project where numerical tools are planned to be developed to account
for the effects of the climate change on the response of slopes in sensitive clay.

2. METHODS FOR SLOPE STABILITY ANALYSES

Stability of slopes is commonly evaluated by the Limit Equilibrium Method (LEM) where an
assumed sliding mass is discretized in to vertical slices for which force and/or moment
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equilibrium is calculated for each slice and the total mass, e.g. [1, 2]. The value of the stability
in LEM is then defined as the ratio of the shear strength along the slip surface over the shear
stress for at the same surface, the Factor of Safety (FoS), as defined by [3]. This method requires
an iterative process to identity the size and location of the most critical slip surface. However,
the method only considers circular (or pre-defined) slip surfaces, and assumes a constant
mobilised shear strength along the slip surface of each slice. This could lead to an over- or
underestimation of the stability, as well as the critical slip surface may be overlooked.

Other methods of analyses have been recently developed to for slope stability. This study will
look at three alternatives to LEM: Discontinuity Layout Optimization (DLO), Finite Element
Limit Analysis (FELA) and displacement-based Finite Element Analysis (FEA). The three
methods simulate the soil mass either as a continuum (FEA, FELA), or by representing the soil
with a large number of sliding blocks connected by nodes (DLO) [4-5, 7].

DLO is based on the upper bound theorem of plasticity, according to which the safety factor is
described as the rate of work due to external loads over the simultaneous work done by internal
stresses [4]. FELA on the other hand, allows for calculation of both the upper and lower bound
to obtain an interval for the safety factor, where the lower bound is defined as the static
equilibrium of the soil [5], and the upper bound considers the kinematics. Both DLO and FELA
are simple but effective methods that have shown good agreement in previous comparison with
LEM, e.g. [6], for undrained analyses.

The failure mode in FEA is dictated by the material model and the (effective) stress state,
resulting in a slip surface being located where the mobilised shear strength is lower than the
applied shear stress. This method automatically fulfils both the static and kinematic conditions,
in contrast to DLO and LEM. Another advantage of using FEA over LEM, DLO and FELA is
the ability to adopt advanced material models that can include the development of effective
stresses and mobilised strength in the slope, as discussed by [7-8], as a function of time, or as a
result of the changing environmental conditions due to the climate change.

The safety factor is calculated in the three methods above (DLO, FELA and FEM) by adjusting
the properties of each cell or sliding block until failure by either: (1) reducing the cohesion and
friction angle simultaneously with the Strength Reduction Method (SRM) or (2) increasing the
gravitational loads with the Gravity Increase Method (GIM). As a result, SRM gives a safety
factor, similar to LEM, whereas GIM gives the gravity multiplier required for failure. The main
benefit of SRM and GIM is the lack of assumption of the shape or location for the critical slip
surface. However, GIM is the only method that does not require specified strength parameters,
and thus can work with any constitutive model.

The material models used in this study are based on the models available in the commercial
software used, where LEM with Morgenstern-Price method (GeoStudio 2019 version
10.0.1.1733), DLO (LimitState:GEO version 3.4.2.20820), FELA (OptumG2 version
2019.02.12) and FEA (PLAXIS 2018) are all performed with Mohr-Coulomb failure criteria
for drained and undrained analyses. Software-specific anisotropic functions have not been
considered, as well as strain softening of the sensitive clay is not modelled at this stage in order
to keep the results directly comparable.
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‘\ ¢ Orebro ® Stockholm
- U’
Nykoping
Linkopi
Gotebort _Visby

JOTTROPITTG

Figure 1. Location of slope of interest, 10 km north of Gothenburg. (map from Lantmditeriet)
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3. DESCRIPTION OF CASE STUDY

The chosen slope is located by highway E45 at Gota River in the West of Sweden (Figure 1)
with an inclination of 2H:1V and 13H:1V, of which the steepest part is partially located under
water (Figure 2). Field investigations suggest a homogenous sulphide-bearing clay to >45 m
depth with a sensitivity of 14-16. The pore pressure head is simplified in the model to be
hydrostatic, at 1 m below the surface at the crest. The river is assumed to be 3 m deep. Material
properties have been evaluated from fall cone tests, vane tests, direct simple shear tests and
triaxial tests, of which the results are presented in Karlsson & Karstunen [9]. The friction angle
has been assumed to be 36° for all soil layers, and the in situ coefficient of earth pressure at
rest, Ko, have been evaluated by the combing Jaky’s simplified formula with the empirical
relation of Schmidt [10], assuming m = 0.6. The horizontal and vertical hydraulic conductivity
assumed to be kx= ky = 0.001 m/day and the drained analyses have been performed for three
cohesion intercepts, ¢ =0.1 kPa, ¢ ’=0.5 kPa and ¢ =5 kPa.

0 —
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T
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Figure 2. Geometry, stratification, density and undrained shear strength of the slope

4. RESULTS AND DISCUSSION

The calculations have been performed with GIM and SRM for DLO, FELA and FEA, in
addition to LEM. Results from the undrained analysis with the methods show good correlation
for both the size and the location of the critical slip surface, as seen in Table 1 where a selection
of the results are presented. The average obtained safety factor is 1.16 with a variation of up to
3%, which is considered to be most acceptable.

Table 1. Critical slip surface with corresponding safety factor for undrained conditions.

LEM, M-P: 1.19 FELA-LB-SRM: 1.16 FEA-SRM: 1.17

DLO-SRM: 1.18 FELA-UB-SRM: 1.17 FEA-GIM: 1.15

An overview of the results from the drained analyses with LEM and the SRM-implemented
methods is presented in Table 2 together with the assumed values for the shear strength. Higher
values are expected from FELA and FEA in a real case scenario, as in the analyses here, the
two methods are applied without suction, in order to get comparable results with LEM and
DLO. Furthermore, with FEA and FELA the slope stability analyses cannot be performed with
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zero apparent cohesion, as the resulting mobilised strength at the surface would be zero. Thus,
we investigated how much the assumed value for the cohesion intercept affects the results. The
results in Table 2 indicate that one needs to be careful with the value chosen, as ¢ affects for
example the mechanism and the volume of the failure mass. LEM and DLO show very similar
result for all three scenarios. Systematically, LEM and DLO predict higher factors of safety
than the FE -based methods (FELA and FEA). In terms of the mode of failure, the results by
LEM and DLO are similar to FELA and FEA for higher values of ¢, even though the predicted
factors of safety differ.

Results from FEA-GIM in drained analysis showed discrepancy of >100% from the other
methods, and despite of ever increasing the coefficient of gravity, no full slip surface was
developed to results in global failure. Similar performance was observed by Swan & Seo [8]
and Sternik [11] when GIM was combined with Mohr-Coulomb and slopes of < 20-30 m of
height in effective stress analysis. The phenomenon is associated with shallow depths, where
the increase of gravity increases the shear strength of the soil rather than the loads bringing the
slope to failure. In our case, the unit weight of the water in the river, which is a counter-
balancing force, also increases. Modelling the river water as a load, however did not help. The
same performance, i.e. no initiations of a clear failure mode, was also seen for FELA-GIM as
well as DLO-GIM, which by definition of the failure criteria did not give a result.

Table 2. Critical slip surface with corresponding safety factor predicted with SRM for
drained conditions.

Method ¢'=0.1 kPa, ¢'=36° ¢'=0.5 kPa, ¢'=36° ¢'=5 kPa, ¢'=36°

LEM, M-P

DLO

FELA, LB

FELA, UB

FEA, SRM

FEA, GIM
No failure No failure No failure
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5. CONCLUSIONS

This paper describes a comparison between Limit Equilibrium Method (LEM), Discontinuity
Layout Optimisation (DLO), Finite Element Limit Analysis (FELA) and displacement Finite
Element Analysis (FEA) for undrained and drained analyses for a slope. The slope represents a
typical case of a slope on sensitive clay along Gota River, Sweden. The study was performed
with Mohr-Coulomb failure criteria, thus assuming the soil to be isotropic as commonly done
in industry today. The safety factors for DLO, FELA and FEA was calculated with both
Strength Reduction Method (SRM) and Gravity Increase Method (GIM). The latter has the
advantage that it can be combined with any constitutive model. The results showed good
correlation between the methods for total stress analyses (i.e. undrained analyses), but up to
20% difference between the four methods with SRM for drained analyses. The safety factors
from FELA-GIM and FEA-GIM were unrealistically high, a behaviour that has been confirmed
by previous literature [8, 11].

The main conclusions drawn from this comparative study are: 1) LEM is the least conservative
method for all drained scenarios, and thus should be used with caution; 2) The failure mode for
small cohesion intercepts ¢’ varies between the methods, implying an uncertainty in the
application of the methods; 3) The use of GIM requires further study. In the next stage, for the
same slope, GIM will be applied in conjunction with an advanced constitutive model, as needed
for representing the stability of a sensitive clay slope.

The study highlights the danger of implementing advanced climate-scenarios in calculation
methods with in-built assumptions of failure mode or implementation of material models
without cap model, as the safety factor varies substantially already without climate scenarios.

Effective stress analyses with advanced material models are essential to capture the climate-
induced changes in strength of the soil, and its effect on the future slope stability. Such analyses
cannot be done by exploiting the conventional LEM, which just like FELA and DLO suffer
from the inability to account for changes in the soil response due to environmental loads. The
latter include, in addition to pore pressure changes and erosion, in the Nordic situation also
cyclic weather conditions affecting the dry crust and the shallow part of the slope. Phenomena
such as extreme precipitation, increased number of yearly freeze-thaw and drying-wetting
cycles, as well as the effect of vegetation or the lack of it, will affect the properties of the soil.
A multi-physic approach will be needed, combined with probabilistic techniques.

The future research will initially look at six independent scenarios; 1) external erosion, 2)
flooding, 3) changes in pore pressure due to precipitation, 4) freezing-thawing, 5) drying-
wetting and 6) changes in temperature. Points 4) — 6) are of particular concern, as their cyclic
nature is likely to affect the water content and soil fabric, and thereby increasing the depth or
frequency of cracks in the upper part of the soil.
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bstract. stress-strain response of soft natural clays is characterised by anisotropy, destructuration and

rate-dependency.

n accurate constitutive description of these materials should take into consideration all

of the characteristics above. In this paper, two constitutive models for soft soils, namely the SCL Y1S and

Creep-SCL Y1S models are used to simulate the undrained response of two soft natural clays, Gothenburg

clay from Sweden and Otaniemi clay from Finland. The SCL Y 1S model accounts for the e ect of inherent

and induced anisotropy and destructuration, while the Creep-SCL Y1S accounts also for the creep and rate

e ects. The model simulations are compared against triaxial compression and extension tests on anisotrop-

ically consolidated samples. The results demonstrate the need to incorporate all features represented in the

Creep-SCL Y1S model when modelling structured natural clays.

1 Introduction

The mechanical response of soft natural clays is a ected
by their micro-structure that is often anisotropic, and the
apparent inter-particle bonding. Moreover, they exhibit
rate-dependent behaviour. The initial anisotropy of ma-
rine clays is often developed under Kj-conditions (initial
deposition, self-weight consolidation and aging), and the
anisotropy evolves during subsequent loading, if the load-
ing path di ers from the Kp-condition. In addition to
the evolving anisotropy, when irrecoverable straining oc-
curs and the particle cluster and contacts evolve, the inter-
particle bonding degrades. This process is called destruc-
turation [1].

Two constitutive models, namely SCL. YS-1S [2] and
Creep-SCL Y1S [3, 4] are used in this paper for sim-
ulating triaxial loading paths on two soft natural clays
(Gothenburg and Otaniemi clays [5]). The elasto-plastic
SCL Y1S model accounts for inherent and evolving
anisotropy by utilising a rotational hardening law, pro-
posed in [6]. In addition to anisotropy, the model accounts
for bonding and destructuration by using the concept of
an intrinsic yield surface [7]. Finally, the rate-dependent
elasto-visco-plastic Creep-SCL Y 1S model accounts not
only for anisotropy, bonding and destructuration, but also
for rate-e ects.

The paper is organised as follows: In Section 2 the
two models are briefly presented, and the model parame-
ters for the numerical simulations are discussed. In Sec-
tion 3, data from triaxial compression and extension tests
on anisotropically consolidated Gothenburg clay and their
numerical simulations are presented. The e ects of de-
structuration, anisotropy and shearing rate are highlighted.
The results demonstrate the need to incorporate all features
represented in the Creep-SCL  Y1S model. Consequently,

e-mail: petalas@chalmers.se

in Section 4, three anisotropically consolidated undrained
triaxial tests on Otaniemi clay are simulated, in which
samples from the same depth have been exposed to dif-
ferent levels of anisotropic consolidation, before shearing
to failure. These simulations highlight the need to account
for the stress history and the degradation of bonding in the
subsequent simulations.

2 Constitutive models and calibration

The SCL Y1S model [2] and the Creep-SCL YIS [3, 4]
model are presented schematically in triaxial space (Fig.
1) for the special case of a cross-anisotropic material with
the main axis of the fabric coinciding with the principal
stress directions in the triaxial test. The yield surface of
SCL Y1S is a sheared ellipse [8], with the size defined by
p,, and the inclination by , a scalar measure of anisotropy
for the special case of triaxial conditions.  fabric tensor
is used in the generalised formulation, (see [6]). The imag-
inary intrinsic yield surface represents the yield surface of
the same soil, with the same void ratio and stress history,
but without the bonds. The size of the intrinsic yield sur-
face is controlled by the state variable p; ;, with the same
inclination as the the yield surface of the natural clay. The
sizes of the two surfaces are related via state parameter y
by pl, = XD,y

Both the anisotropy, represented by , and the amount
of bonding y evolve due to irrecoverable straining.
evolves towards a target value based on the current state of
the soil, and hence the yield surface rotates, controlled by
a rotational hardening law (see [6] for details). y evolves
from the initial value y( towards zero due to destructura-
tion. The elastic response of the model is assumed to
be non-linear with a stress dependent elastic formulation,
similar to the Modified Cam Clay model.

In the Creep-SCL Y1S model (Fig. 1), the yield sur-
face is replaced by the Normal Compression Surface

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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(NCS), with the size defined by pj,.  n additional sur-
face, representing the current (e ective) stress state (CSS)
is used, with the size defined by p;q, and the same inclina-
tion as the NCS. The current stress state is always on the
CSS. The distance of p;, with respect to p), relates to the
magnitude of visco-plastic strains that are computed via
an explicitly defined visco-plastic multiplier [9]. Creep-
SCL Y18 does not predict purely elastic response, how-
ever, for p;q<p;,, the magnitude of the predicted visco-
plastic strain is very small. The rotational hardening and
destructuration laws are the same as in the SCL YIS
model.

The model parameters are presented in Table 1. The
calibration of the models are explained in detail in [2—
4, 6, 10]. In this work, in order to investigate the e ect
of destructuration, anisotropy and shearing rate, the com-
plexity of the models is hierarchically increased. When

0 =0, w = 0and yo = 0 and the compressibility of
the natural clay A is used instead of the intrinsic value 4;,
the SCL YIS model becomes equivalent to a Lode an-
gle -dependent version of the Modified Cam Clay model
(called MCC in the legends of the figures). When yo > 0to
account for the e ect of bonding, the model is an isotropic
model with destructuration (called Structure in the leg-
ends). By using yo > 0, ¢ > 0 and w > 0 the e ect of
both destructuration and anisotropy are taken into account
(called nisotropy in the legends). Finally, all the above
and the rate e ects are taken into account via the Creep-
SCL Y1S model (called Creep in the legends), which in-
stead of A; uses the modified intrinsic compression index
A*, and the volumetric compression in the purely elastic
range is represented by the modified swelling index «*.

3 Undrained response of Gothenburg clay

In Figs. 2a and 2b the simulations of a triaxial compres-
sion and a triaxial extension test, respectively, are pre-
sented. The e ective stress and the void ratio of the soil af-
ter the anisotropic consolidation and the rate of undrained
shearing are summarised in Table 2. It can be concluded
that in triaxial shearing, the destrcucturation law plays a
significant role. The equivalent MCC model cannot sim-
ulate the undrained softening response after the peak g.
When anisotropy is taken into account via the rotational
hardening law ( nisotropy and Creep legends) the results
become even more accurate, as far as the undrained tri-
axial extension response is concerned. The MCC model
and the MCC with structure over-predict the purely elastic
response as can be seen in Fig. 2bb. Finally, the Creep-
SCL Y18 (Solid grey line) predicts a slightly higher peak
due to the strain- rate e ect, but reproduces very accu-
rately the anisotropic response and destructuration. This
is suggesting that the assumed value for M, is too high for
the creep model, perhaps representing the peak rather than
the critical state value.

Table 1. Value of the model parameters for Gothenburg
and Otaniemi clays.

Gothenburg Clay Otaniemi clay
Parameter | SCL Y-1S Creep Creep
SCL Y-1S SCL Y-1S
A[-] 0.6 A* =029 A* =026
Ai [-] 0.24 Ar =0.08 Ar =0.063
K [-] 0.03 x* =0.01 xk* =0.012
vI[-] 0.2 0.2 0.25
M. [-] 1.4 1.4 1.3
M, [-] 1.1 1.1 -
w[-] 300 300 20
Wy [-] 0.95 0.95 0.86
&[] 8 8 15
&a [-] 0.5 0.5 0.2
ol-] 0.54 0.54 0.5
Xo [-] 8 8 8
7 [days] 1 1 1
ml- 0.00125 0.00125 0.00125
Table 2. ssumed initial conditions for triaxial

compression and extension tests on Gothenburg clay. i:
after consolidation, before shearing.

) . Shear rate
Test e; @ . Ky OCR
[kPa] [kPa]
TC | 1.87 167 101.65 | 0.61 1.25 0.01

TE | 1.95 | 176.61 | 101.65 | 0.58 | 1.25 0.01

[mm/min]

4 Undrained response of Otaniemi clay

Three undrained triaxial shear tests on natural Otaniemi
clay are simulated with the use of the PL XIS finite ele-
ment software and the Creep-SCL Y 1S model as bound-
ary value problems. The clay samples are extracted from
the same depth and the Normal Compression Surface
(NCS) is initialised by using the in-situ vertical e ective
stress (0, = 25) and Koyc calculated via the Jaky’s for-
mula. The initial void ratio eq (before the anisotropic con-
solidation), the void ratio at the start of shearing e; and the
e ective stress state after the anisotropic consolidation, as
well as the rate of shearing are summarised in Table 3.
The numerical simulations are performed in two
stages.  t the first stage the anisotropic consolidation
is simulated. For the samples Ota2239 and Ota2240 the
stress state after anisotropic consolidation is outside of
the NCS, initialised by the apparent preconsolidation pres-
sure of the natural clay, and thus, the NCS evolves during
anisotropic consolidation. s the stress ratio used in the



E3S Web of Conferences 92, 15001 (2019)
1S-Glasgow 2019

https://doi.org/10.1051/e3sconf/20199215001

q } Normal consolidation
surface

\

Current stress surface
N Intrinsic surface

ig. 1. Constitutive models. Left: SCL  Y-1S; right: Creep-SCL Y1S.
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ig. 2. Undrained triaxial shearing of Gothenbug clay and numerical simulations with evolving model complexity.

anisotropic consolidation di ers from the K, consolida-
tion, NCS is also expected to rotate during consolidation.

t the second stage, undrained shearing is applied. The
results of the simulations are presented in Figs. 3 and 3.
There is good agreement of the results from the numerical
analysis of Ota2238 test but the model overestimates the
undrained strength for tests Ota2239 and Ota2240. Three
additional dashed lines are presented in both Fig. 3 and
3 for additional simulations that do not take into account
the anisotropic consolidation stage. In those simulations
the inclination of the NCS estimated by the in-situ con-
ditions is used (= 0.5) without taking into account any
evolution during anisotropic consolidation. Moreover, the
initial value of the destructuration parameter y, = 8 and
it’s evolution is also not taken into account. It can be con-
cluded from Fig. 3 and 3 that not including the evolution of
the state variables during anisotropic consolidation signif-
icantly decreases the accuracy of the predictions. The nu-
merical simulations can be improved if more data for the
initial inclination of the NCS and it’s evolution are avail-
able.

Fig. 4a demonstrates how the model predicts the
anisotropy  decreases significantly during consolidation
for Ota2289 and Ota2240, due to the high applied value
of Ky =0.8, and consequently NCS is predicted to rotates

towards the isotropic state. During the undrained shearing
anisotropy evolves again, with an increasing -value pre-
dicted. The bonding parameter y (Fig. 4b) is also predicted
to decreases significantly both during the anisotropic con-
solidation and the undrained shearing. Consequently, it
is very important to simulate both stages in these triaxial
tests as the initial consolidation will also change the initial
state if the clay is allowed to yield during the consolida-
tion.

Table 3. Initial conditions for triaxial compression of
Otaniemi clay. 0: before consolidation; i after
consolidation, before shearing.

qi D Shear rate
Test e e; ! Ky
[kPa] | [kPa] [%/h]
Ota2238 | 3.28 | 3.14 3 159 | 0.83 0.63
Ota2239 | 3.47 | 2.76 6 27.7 | 0.82 0.64
Ota2240 | 3.32 | 3.32 9 41.7 | 0.81 0.061
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ig. 3. Undrained shearing tests on Otaniemi clay and numerical simulations with Creep-SCL Y1S. Solid lines: Simu-
lating both the anisotropic consolidation and the undrained shearing stages (2 stages). Dotted lines: Simulating
only the undrained shearing stage (1 stage). Lab data after [5].
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ig. 4. Undrained shearing tests on Otaniemi clay [5] and numerical simulations with Creep-SCL Y1S. Stage 1 (Dashed
lines): anisotropic consolidation; stage 2 (Solid lines): undrained shearing.

5 Conclusions

In this work, the important role of the evolution of
anisotropy and destructuration of soft structured clays is
demonstrated based on simulations on undrained triaxial
shearing tests of Gothenburg and Otaniemi clays. Sim-
ulations of Gothenburg clay by hierarchically increasing
the model complexity demonstrate that features such as
anisotropy and destructuration are important to account
for in modelling the clay response over the whole e ec-
tive stress range, The simulations of Otaniemi clay, on the
other hand highlight the need to account for the changes in
the state of the soil during the initial consolidation.
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Appendix V: Results from numerical simulations
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