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Abstract. In 2015, a sudden landslide caused the failure of one of the pillars supporting the 
southern lanes of the Skjeggestad Bridge near Mofjellbekken on Expressway E18. The 
transportation corridor was closed to traffic for 17 months. To investigate the cause of the failure, 
an assessment of slope stability is necessary. Usually, limit equilibrium analysis of the middle 
two-dimensional (2D) cross-section is modelled. The Skjeggestad landslide geometry was not 
close to a 2D case, and three-dimensional (3D) modelling is more appropriate to analyse the 
slope. The paper calculates the stability of the slope that failed and compares the results of 3D 
finite element analyses with classical limit equilibrium and 2D finite element analyses. The 
analyses were run in the Novapoint GeoSuite Stability software. The soil parameters, including 
their statistical values, were obtained with the GeoSuite Soil Data Interpretation (SDI) module. 
A companion paper at this conference analyses the pillar neighbouring the landslide with the 
module GeoSuite Piles. The paper illustrates the importance of 3D effects in a stability analysis. 
The results of the analyses also illustrate the need to include appropriate consideration of any 
strain-softening and spatial variation of soil properties.  

1. Introduction 
In February 2015, an unexpected landslide occurred near Mofjellbekken, causing the failure of a large 
bridge pillar along the main transportation corridor between Oslo and southern Norway. Traffic chaos 
ensued for a period of 17 months. This paper focuses on three-dimensional (3D) analysis of the landslide 
that caused the failure of one of the bridge pillars. A companion paper [1] studies the capacity of the 
adjacent pillar foundation. 

Engineering design on soft Norwegian clay always represents a challenge. The design software 
Novapoint GeoSuite (www.geosuite.se), designed for practice, was used to provide visualisation, soil 
data interpretation and geotechnical calculation platform to establish a common ground for the analyses 
if both stability and pile group design. The aim of the present paper is to demonstrate the importance of 
accounting for 3D effects for the evaluation of slope stability in general, and for the Skjeggestad 
landslide in particular. In addition, the effect of strain softening of the quick clay is discussed. 

The paper describes briefly the failure that occurred, discusses the interpretation of the undrained 
shear strength in GeoSuite and compares and discusses the results of the 2D and 3D stability analyses.  
  

http://geosuite.se/
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2. The Skjeggestad Bridge landslide 
The Skjeggestad Bridge (also called Mofjellbekken) was built between 1998 and 2001. A fill (called 
"old fill") was placed in the area before 2006 and covered the slope under study. In 2015, a "new" fill 
was placed on the crest of the slope that failed. The landslide occurred on February 2, 2015 and damaged 
the southern lane of the bridge. Figure 1 shows the extent of the 10 000 m3 landslide [2]. Fortunately, 
the traffic (visible at the top of Fig. 1) was stopped immediately, and no lives were lost.  

 

 
Figure 1. Photograph of the Skjeggestad Bridge landslide (view from the south) (Photo: Orbiton) 

 

 
Figure 2. Topography before the landslide, new fill placed on top of slope (assumed location), assumed 
initial back-scarp and observed final back-scarp of landslide, location of the stream at bottom of the 
slope and cross-section U-U. 

 
The Norwegian Water Resources and Energy Directorate (NVE) established an independent 

investigation commission to determine the cause of the landslide. Possible triggers investigated 
included: erosion from the stream, rainfall, traffic vibrations and the "new" fill material placed on the 
slope. The commission concluded that the new fill material placed on the slope crest immediately before 
the failure caused the landslide and failure of the bridge pillar [2] (Fig. 2). However, the shape and 
thickness of the new fill placed on top of the dry crust, are somewhat uncertain [3]. 
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The topography in the area is complex. Figure 3 summarizes the zonation used in this study based 
on the piezocone tests run after the landslide. The soil layering consists of a dry crust of varying 
thickness underlain by a soft to medium soft silty sensitive clay. The clay is quick in some locations. 
Bedrock or stiff till underlies the clay. The depth to bedrock varies significantly. Figure 3 shows the 
extent of the landslide and the cross-sections U-U and Q-Q used for the early stability analyses ([2]; [3]).  

 

 
Figure 3. Overview of soil layering in different zones around the landslide 

 
Figure 4 reproduces the profile and critical failure surfaces from early stability analyses of cross-

section U-U [2];[3]. A factor of safety (F) of 1.17 was obtained before the new fill was placed on the 
slope, using 2D limit equilibrium analysis. The safety factor reduced to 0.99 after the new fill was placed. 
Other stability analyses can be found in [4] and [5]. 

 

  
Figure 4. Critical failure surface in earlier 2D limit equilibrium analyses, cross-section U-U[2];[3] 

 
Uncertainties in the analyses in Figure 4 include, in addition to the fill geometry, shear strength 

distribution, shape of failure surface, 3D effects, strain-softening and progressive failure mechanism. 
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Since this type of analysis is only an approximation for this complex case of stability, the fact that 
classical limit equilibrium or finite element 2D analyses give a safety factor close to 1 is only fortuitous.  

3. 2D and 3D stability analyses 
The stability of slopes is traditionally calculated using two-dimensional (2D) limit equilibrium methods 
(LEM) assuming a perfect plastic behaviour of the soil ([6]; [7]; [8]; [9]; [10]) The factor of safety 
(denoted FoS) is the maximum value by which the undrained shear strength can be divided before the 
driving forces from the weight of the soil mass and other external loads within the volume limited by a 
critical failure surface becomes larger than the stabilizing forces. In the last 20 years, the finite element 
method (FEM) has been increasingly used to model all types of geotechnical problems, including the 
stability of slopes. Comparisons of LEM and FEM analyses for slopes were presented in [11].  

Compared to classical LEM, the benefits of using FEM for the analysis of slopes include: (1) FEM 
finds the most critical failure mechanism without prior assumptions of the shape and location of the slip 
surface, kinematics, internal stresses or mobilization, moment equilibrium etc; (2) FEM can account for 
aspects of soil behaviour such as dilatancy, strain-softening, load history effects, stress path dependency, 
strain rate effects, anisotropy etc; and (3) FEM can easily be extended to account for complex 3-
dimensional (3D) effects. On the other hand, there are also challenges; (1) FEM calculations require 
significantly longer time; (2) FEM analyses need input on the soil stress-strain properties such as moduli, 
dilatancy, softening parameters, etc; (3) FEM results can be mesh-dependent, i.e. overshoot due to 
discretisation limitations and non-uniqueness due to strain- softening; (4) FEM may terminate due to 
numerical difficulties to achieve equilibrium; and (5) with FEM, it can prove difficult to calculate the 
factor of safety along predefined slip surfaces that are different from the most critical surface.  

The main objective of the paper is to demonstrate the effect of 3D modelling on the FoS obtained 
with a 2D model. It is important to realise that a back-calculation of a failure with 2D LEM or FEM 
should not give an FoS of 1 because such analysis does not account for 3D effects nor behavioural 
aspects such as strain-softening. Obtaining an FoS of 1 at failure with 2D analyses is therefore not an 
indication that the method of calculation is reliable or representative.  

4. Soil parameters for stability analysis 
The key input data to the stability analyses include topography, soil layering, shear strength and unit 
weights of soil and fill material. The interpretation of the parameters was done in the GeoSuite Soil Data 
Interpretation (SDI) module. The information from the earlier site investigations during the construction 
of the bridge [12] and those carried out after the landslide were used. Where possible, a statistical 
analysis of the soil parameters was done (mainly for cone resistance data from piezocone tests (CPTU) 
after the landslide). When data were not available, the parameters were deduced from correlations 
available in the SDI module. Table 1 presents the parameters established for the stability analyses. 
4.1  Index properties 
All the index properties were obtained from the site investigation (both in situ and laboratory tests) prior 
to the construction of the bridge [12]. Except for the sensitivity, the measured index properties were 
essentially constant with depth. The plasticity index of 5 to 8% in the quick clay is extremely low, 
suggesting very high stress-induced anisotropy.  
4.2  Undrained shear strength 
Figure 5 presents the results of the undrained shear strength interpreted from the piezocone tests (CPTU) 
in each of the five zones in Figure 3. The CPTU undrained shear strength corresponds to the triaxial 
compression strength (su TC) in the laboratory. Figure 6 gives the mean ±one standard deviation in each 
of the five zones. The coefficient of variation (COV = ratio of one standard deviation to the mean) was 
about 15 to 20% below 7 m but could be as high as 30 % in the dry crust. Figure 7 compares the mean 
su TC(CPT)  in the five zones and Figure 8 shows the results of in situ vane shear (VS) tests run before the 
failure. The su VS  is much lower than the su TC(CPT): su VS  is usually close to the average of TC and TE 
strengths and is thus expected to be lower than the su TC(CPT). There is also a significant difference in the 
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shear strengths in the different locations, and the depth to bedrock/till. The same average shear strength 
was used in all analyses to ease a comparison of the geometrical effects in the 2D and 3D analyses.   
 

Table 1. Summary of interpreted soil parameters for the stability analyses 
Soil property Crust (0-5 m) Soft clay (2-19 m) Source of data 
Index properties 
Water content, w 25% 30% Initial investigations, 3 boreholes 
Plasticity index, Ip 10% 5-8% Initial investigations, 3 boreholes 
Sensitivity, St 4-10 75-150 (30 from 17m) Initial site investigations, VS and fall cone 
Clay content -- 30-35% Initial investigations, 2 boreholes 
Total unit weigh, γt 19.5 kN/m3 19.5 kN/m3 Initial investigations, 3 boreholes 
Undrained shear strength, su 
TC (from CPTU), su TC(CPT) -- Figure 5 CPTU tests (Nkt = 10-14) 
Average (from VS), su VS 30-60 kPa Figure 5 Only a few VS tests 
Anisotropy ratio suTC/suDSS  
Anisotropy ratio suTE/suDSS 

1.6 
0.5 

1.7 
0.45 Used correlations in SDI [13]; [14] 

Notation TC     = Triaxial compression TE = Triaxial extension DSS = Simple shear 
 CPTU= test VS = Vane shear  p'0 = In situ effective overburden stress 
 

 
Figure 5. Undrained triaxial compression shear strength profiles interpreted from CPTU in five zones 

 
4.3   Stress history  
There were very few oedometer tests to estimate the pre-consolidation stress and overconsolidation ratio 
(OCR). The OCR was obtained from the undrained shear strength ratio in triaxial compression 
normalized with the effective overburden stress and comparing it with values for Norwegian clays and 
other soft clays in the literature ([13]; [14]). The inferred OCR is therefore only approximate. 
Nonetheless, it was possible to obtain a reasonably realistic approximate OCR profile with depth [1]. 
The OCR in the crust is greater than 3, and decreases from 3 to unity between depths of 5 to 19m.  

5. 2D LEM and FEM analyses of stability 
The Trimble Novapoint GeoSuite Toolbox (www.geosuite.se) [15] was used. The design software has a 
series of geotechnical calculation programs, including Stability, Settlement, Bearing Capacity, Piles and 
Excavation modules. For the 2D analyses, six 2D cross-sections were analysed (Fig. 9).  
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Figure 6. Mean ± one standard deviation of CPTU shear strength profiles in the five zones 

 

 

 

Figure 7. Comparison of mean su CPTU  at Skjeggestad site Figure 8. In situ VS strength 
 
Figure 10 illustrates the slightly idealized geometry of the topography, soil layering and bedrock in 

cross-section U-U. This cross-section is located where the slope was steepest. The geometry of the new 
fill is approximate due to the uncertainties mentioned earlier. The calculated FoS was 0.85 assuming a 
circular slip surface limited by the bedrock. The slip surface starts at the back of the fill and ends up 
slightly at the outskirt of the toe of the slope.  

The calculated critical slip surface follows the bedrock in several of the cross-sections, suggesting 
that assuming a circular slip surface will overestimate the FoS. The 2D LEM analyses showed that the 
FoS varied significantly from cross-section to cross-section. The highest FoS=1.38 was for cross-section 
1-1 1 which is just outside of the failure footprint (Fig. 2). Cross-section Un-Un through the north side 
of the fill had an FoS of 1.07. It is not adequate to assume that the calculated FoS in section U-U is 
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representative for the landslide (see initial and final back-scarps in Fig. 2). One alternative, when doing 
2D analyses of a 3D landslide geometry is to use a 'weighted average'  FoS of several cross-sections 
within the failure volume. For the 4 sections crossing the landslide (Fig. 2), the average FoS was (1.07 
x 0.25 + 0.86 x 0.25 + 0.85 x 0.25 + 0.95 x 0.25) = 0.93. In these LEM analysis, the effect of shear on 
the two out-of-plane sides of the slide is neglected. Since the critical slip surface varies from one cross-
section to another, the displacement field would need to be continuous between each cross-section. The 
calculated FoS is thus expected to be significantly larger than the FoS=0.93 calculated above.  

 

 
Figure 9. Cross-sections selected for 2D slope stability analyses 

 
 
 
 
 
 
 
 
 
 
 

Figure 10. Critical slip surface with FoS=0.85 in GeoSuite Stability LEM analysis (cross-section U-U) 
 

The 2D cross-sections analysed by LEM (Fig. 9) were also used for the FEM. In the GeoFuture 
research project (www.geofuture.no; [16]), the NGI FE program Bifurc was implemented in GeoSuite 
Stability. The same geometries and shear strength distributions were then used in both LEM and FEM 
analysis [17]. In the FEM analysis, the cross-sections were discretized by triangular 6-noded elements. 
Figure 11 gives an example of a discretized cross-section (element mesh) for section U-U. The mesh 
consisted of 464 elements and 1009 nodes. The vertical- and horizontal displacement at the nodes along 

T 

T 

Cross section FoS (LEM) 
1-1 1.38 

Un-Un 1.07 
Um-Um 0.86 

U-U 0.85 
T-T 0.95 

Cross-section U-U is probably not 
representative of the landslide. 

 

 Rock or till 

http://www.geofuture.no/
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the bottom boundary were fixed while the nodes along the two vertical boundaries were fixed in the 
horizontal direction and free in the vertical direction. In the 2D FEM analyses, the nodal forces due to 
the weight of the soil and fill were first applied to the model. The calculated maximum nodal 
displacement in the mesh versus the scaling factor of the weight is shown in Figure 12 (left). Since the 
scaling factor is less than 1.0, the slope failed during application of the weight. The FoS is equal to the 
maximum load scaling factor of 0.87 which is slightly larger than the FoS=0.85 obtained by LEM. The 
effect of mesh discretization was further checked. A mesh with 1317 elements gave a FoS of 0.83, and 
a mesh of 2637 elements gave a FoS of 0.82, which is slightly lower than obtained by LEM. The 
discretization error using 464 elements is therefore estimated to be about 7%. 
 

 
Figure 11. Example of 2D finite element mesh used for cross-section U-U 

 
In cases where the FoS > 1.0, the undrained shear strengths are gradually reduced by dividing them 

by an increasing factor (FoS). This is done in increments with an equilibrium iteration for each increment 
(Fig. 12 (left) for cross-section U-U). The scaling factor is automatically adjusted so the sum of all 
displacement increments in the mesh is kept constant during the iteration scheme. This solution 
procedure is generally called arch-length method. Figure 12 (right) shows the calculated maximum 
displacement in the mesh versus the reduction factor (FoS) during this calculation phase for cross-
section 1-1. In total, 84 increments were required to find the FoS that corresponded to failure of the 
slope. The number of degrees of freedom (node displacements), increments and iterations and the 
calculation speed of the computer govern the calculation time. The calculation time was 10 minutes on 
a conventional PC using one CPU. Figure 13 illustrates the calculated failure mode for cross-section U-
U with displacement vectors at failure. This failure mode agrees very well with the calculated LEM slip 
surface in Figure 10.  

6. 3D FEM analyses of stability 
6.1  3D effects using earlier calculated  charts  
Jostad and Lacasse [17] developed charts to estimate the increase in the FoS in a 3D analysis compared 
to a 2D plane-strain analysis (F3D). This chart, given in Figure 14, indicates that F3D is a function of 
the height to width ratio (H/W) of the slope, the inclination of the critical part of the slope b and the 
normalized depth to a strong layer d = D/H that limit the depth of the slip surface. For the Skjeggestad 
landslide, H was taken as 16 m, the bottom of the slip surface D as 10 m and the width of the initial slide 
W was estimated as 100 m. Thus, for H/W of 16/100, b = 3 and d = 0.6, through interpolation in Figure 
14, an approximate 3D effect, F3D of 1.12 was obtained. The F3D of 1.12 means a 12% increase in 3D 
compared to 2D conditions. By multiplying this factor with the average 2D FoS from the four cross-
sections, the FoS of the initial slide accounting for 3D effects becomes, FoS=0.93 x 1.12=1.04. This 
safety factor is only slightly larger than the factor of unity corresponding to failure. Azzouz and Baligh 
[18] also prepared charts comparing slopes under infinite strip and square loadings and concluded that 
the 3D effects were important. 
6.2  New 3D FEM analyses 
For the 3D analyses, the GeoSuite Toolbox was again used. The slope was first modelled using an 
idealized 3D model. With this idealisation, the most critical cross- section (U-U) was extruded in the 
y-direction to a width that correspond to the width of the initial slide. This width was estimated as 100 
m (Fig. 2). Due to symmetry, only half of the total width was modelled. This volume was then 
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discretized with 2454 12-noded tetrahedral elements. The size of the tetrahedral elements 
corresponded to the elements in the 2D analysis using 464 6-noded triangular elements. The same 
overshoot (i.e. 7%) is expected in the 3D analysis. The FoS results given in this section do not account 
for this overshoot. 

 

 
Figure 12. Calculated load scaling factor for section U-U (left) and (FoS) for section 1-1 (right) 

 

 
Figure 13. Calculated failure mode by 2D FEM for cross-section U-U (FoS=0.87)  

 
The nodes at the external side boundary were fixed in the two horizontal directions and free in the 

vertical direction, while the nodes along the symmetry plane were fixed normal to the plane only. This 
prevents the failure mode to develop at the side of the model and the width of the calculated failure 
mode will be within the model and automatically include a realistic side shear at this boundary. The 
calculated FoS for the idealized 3D model was 0.97, an increase by 11% compared to 0.87. This 11% 
represents the contribution from side shear, which agrees with the 12% obtained from Figure 14.  

Second, a full 3D FEM analysis was carried out where the actual 3D geometries of the topography, 
soil layering, rock surface and fill were modelled. This analysis automatically accounts for the variations 
of FoS for the different 2D cross-sections and the 3D effects due to the requirements of continuity of 
the displacement field between the different cross-sections and side shear at the two ends of the most 
critical failure mechanism. Figure 15 presents the idealized topography of the full 3D model. The 
contour lines and colour represent the elevation, and y = 0 the location of cross-section U-U. The 
calculated FoS for the full 3D FEM analysis was 1.22, which is 40% larger than the safety factor for the 
2D FEM most critical cross-section (0.87). and 25% larger than the safety factor from the idealized 3D 
model (0.97). This demonstrates that the 3D effect may be significant in slope stability analyses.  

The plan view of the calculated 3D failure (Fig. 16) shows an area extending only slightly north of 
Section U-U and partly south of Section S-S. The results indicate that the calculated (3D) initial back- 
scarp is located somewhat south of the assumed location (Fig. 2). The failure goes down to the bedrock-
/till layer , and agrees rather well with the 2D cross-sections, at least in locations U-U and S-S. However, 
the landslide on the south side extends further south than the observed final back-scarp (Fig. 2). This 
may be explained if the shear strength distribution is somewhat higher in the southern part than the 
average shear strength profile used in the 3D analysis. Unfortunately , no data are available in that 
southern area.  
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Figure 14. 3D effect on the 2D factor of safety as 
a function of width W, slope inclination b and 
normalized depth d [17] 

Figure 15. Idealized topography of 3D model without 
the new fill view3ed form the southwest, Section U-U 
is at y=0 (Fig. 2 shows and location of Section U-U) 

 

 
Figure 16. Extent of failure from full 3D analysis 

 
6.3  Progressive failure due to strain softening 
Based on the above calculations, the FoS of 1.22 is significantly higher than unity, which does not agree 
with the fact that a landslide did occur. There are uncertainties in the shear strength profiles, height and 
shape of the fill, but these are not large enough to explain the calculated discrepancy between the 
calculated FoS of 1.22 and the observed failure. However, the clay is sensitive which means that the 
strength will be reduced as shear strain increases after the shear stress has passed a peak value. By 
accounting for strain-softening in 2D FEM analysis, Rødvand et al. [5] suggested that the calculated 
FoS in cross-section U-U reduces due to strain-softening. In a sensitivity study of the effect of strain-
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softening in design of fills in gently inclined areas with soft sensitive clays, Jostad et al. [19] found that 
the FoS can be reduced by more than 30% in a 2D cross-section of a slope. The effect of strain-softening 
is expected to be even larger for the 3D geometry considered. One therefore needs to account for the 
effect of progressive failure of strain-softening soils in stability analysis.  
 An increase in the safety factor to account for strain-softening is for example the adopted approach 
in Norway for designs related to road constructions ([20];[21]). The Norwegian Public Road 
Administration (NPRA) technical specification document N200 [21] requires an increase in the material 
factor to account for strain-softening.  
6.4  Discussion 
The 2D and 3D analyses herein illustrate that one can learn more from 3D slope stability analyses than 
from 2D analyses alone. It is beneficial to do the 3D analyses, but perhaps even more refinements are 
needed to enable a completely realistic safety factor in case of a failure (FoS = 1.0), such as the modelling 
of strain-softening, the spatial variability of the soil properties etc. Most importantly, the 3D analyses 
tell us that the earlier 2D classical limit equilibrium and FEM analyses giving a factor of safety close to 
1 at failure, must owe this result to compensating errors with incomplete modelling of the complete 
problem at hand, including modelling of the characteristics of the landslide, the soil parameters and their 
spatial variability and the behaviour of the soil material(s) under increasing shear stress and shear strain.  

When slopes fail, there is the need to understand the mechanisms and reasons for failure. This is done 
with back analyses, where a correct modelling of the problem is crucial to explain the observations. One 
therefore needs to take into account the 3D effect and strain softening behaviour to explain failures in 
slopes in sensitive clays. The 3D effect increases the safety factor while strain softening reduces it. This 
also implies that safety factors with analyses that do not include these two effects are probably fortuitous.    

Key observations from this study of the Skjeggestad landslide include: 
‒ For back-analysis, one needs to take into account, where relevant, 3D effects and strain-softening 

behaviour in order to explain observed displacements and collapse. 
‒ In design, it is important to be cautious when examining calculated safety factors, understanding 

what has been modelled and the features of the actual behaviour that have not been included in the 
analyses, to ensure that one errs on the safe side when estimating factors of safety. 

‒ Strain-softening played an important role in the onset and extent of the landslide because of the 
quick clay. Strain-softening can reduce the safety factor significantly [19]. 

‒ The authors believe that a full 3D analysis of the Skjeggestad landslide accounting for the strain-
softening behaviour would give a FoS closer to unity. 

7. Conclusions 
The paper illustrated the benefit of accounting for 3D effects in slope stability analysis with the 2015 
Skjeggestad Bridge landslide case study. The work demonstrates that for the Skjeggestad landslide, the 
3D effects were significant (up to 40% increase on the factor of safety of the most critical 2D cross-
section). One needs to take this into account to realistically explain the observed failure. However, for 
design in sensitive clays. one should be careful to fully utilize this 3D effect, because the calculated FoS 
can be reduced significantly due to strain-softening. The FEM (2D or 3D) is a very convenient tool that 
helps understand complex failure mechanisms of landslides including 3D geometrical effects, strain 
softening behaviour and progressive failure.  

Slope stability analysis with a 3D FEM provides several benefits: 1) it finds a more accurate location 
of the slip surface (in 2D and LEM analyses, the location is decided "a priori"; 2) it accounts for the 
effects of 3D topography, soil layering and spatial distribution of the material properties; 3) it can use 
models that can include key soil characteristics such as stress dependency, load history, dilatancy and 
strain-softening; 4) it has been used for other geotechnical problems for more than 30 years; 5) the 
current user-interfaces make the approach easier to use than before; and 6) the computers have become 
significantly faster than earlier.  
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