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Where are we going in the analysis of landslides? 

Delwyn G. Fredlund 
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1 INTRODUCTION

There are two primary analyses commonly associated with 
landslides; namely, 1.) hydrological modeling of infiltration and 
groundwater flow, and 2.) slope stability analyses for the calcu-
lation of the factor of safety. Both deep-seated and shallow 
slides are commonly triggered by changes in pore-water pres-
sures associated with infiltration and regional groundwater 
changes. The characterization of ground surface moisture flux 
conditions (from climatic conditions), is an important aspect 
that is often omitted in a slope stability study and needs in-
creased attention; however, the focus of this presentation is on 
the methodologies emerging for the analysis of slopes. 

The objective of this presentation is to illustrate the gradual 
changes that have taken place in the analysis of slopes and to 
comment on the advantages and disadvantages of the newer 
methodologies that have emerged. 

2 LIMIT EQUILIBRIUM METHODS OF SLICES 

Limit equilibrium methods of analysis for landslides have been 
so widely used that it is hard for engineers to accept that there 
may need to be some changes in the methodology for landslide 
analysis. However, there have been some gradual changes in 
methodology that are emerging with regard to slope stability 
analyses. Some of the changes have been shown to have bene-
fits and it is necessary to relate the results of new methodologies 
back to past experience. 

There have been limitations associated with classical limit 
equilibrium methods of slices; namely, the shape of the slip sur-
faces that are analyzed must be assumed and the location of the 
critical slip surface must be found by trial and error. Conse-
quently, the boundaries for the free body diagram to be ana-
lyzed are unknown and must be assumed.  

 Various limit equilibrium methods of slices differ primarily 
in the manner in which the normal force at the base of the slice 
is computed and the elements of statical equilibrium that are 
used when solving for the factor of safety (Fredlund and Krahn, 
1977; Fredlund et al, 1981). Various methods of slices could be 
categorized in terms of a moment equilibrium factor of safety 
equation or a force equilibrium factor of safety equation, or 
both. It has been shown that the moment equilibrium factor of 
safety equation is relatively insensitive to the inter-slice force 
function as long as the shape of the slip surface is approxi-
mately circular. Alternatively, the force equilibrium factor of 
safety equation is relatively insensitive to the inter-slice force 
function as long as the slip surface is planar. Composite shaped 
slip surfaces produce intermediate conditions with both factor 
of safety being dependent upon the inter-slice force function.  

The normal force on the base of the slice is generally com-
puted by summing forces in a vertical direction on individual 
slices with an arbitrary assumption made regarding the inter-
slice shear forces. Wilson and Fredlund (1983) used a linear 
elastic model in a finite element analysis, along with "switching 
on" gravity forces to provide a somewhat realistic shape for the 
inter-slice force function. There appears to have been a philoso-
phical resistance to utilizing stress–strain modeling to assist in 
making a slope stability analysis determinate. This resistance 
was related primarily associated with attempting to analyze near 
failure conditions with a simple stress-strain model. 

3 ENHANCED LIMIT METHODS 

In 1969, Kulhawy suggested a "strength level" definition of the 
factor of safety equation and made use of a linear elastic stress 
analysis for the assessment of the normal force at the base of a 
slice. Several other finite element, stress analysis based ap-
proaches have been suggested for computing the factor of safety 
of a slope and these methods have became known as "enhanced 
limit methods". Studies by Scoular (1997) and Fredlund et al, 
(1997), showed a linear elastic, finite element stress analysis 
produced more realistic values for the normal forces along a se-
lected slip surface than could be obtained through the conven-
tional limit equilibrium methods of slices approach. In other 
words, "switching on" gravity for the entire mass of soil pro-
duced stress states that better reflected the overall ground sur-
face geometry.  

The enhanced limit method for the computation of the factor 
of safety was different from the conventional methods of slices 
in that: i.) the solution for the factor of safety became determi-
nate, and ii.) the factor of safety equation was linear in form. 
The "enhanced limit" method was similar to the conventional 
methods of slices in that it was still necessary to assume a shape 
for the slip surface and it was necessary to perform a trial and 
error search for the critical slip surface. The analysis also made 
it possible to compute a "local" factor of safety along the slip 
surface in additions to the "global" factor of safety for the entire 
sliding mass. The computed factors of safety for the "enhanced 
limit" method and the conventional methods of slices that satis-
fied both moment and force equilibrium were shown to be simi-
lar (Scoular, 1997). It was revealed that the computed factor of 
safety was affected by the Poisson's ratio selected for the stress 
analysis. However, the effect was perceived to be of secondary 
significance. The "enhanced limit" method provided greater 
flexibility in analyzing slopes and opened the way for the simu-
lation of more complex slope stability problems. 
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4 OPTIMIZATION METHODS (DYNAMIC 
PROGRAMMING METHOD) 

The application of optimization theories to the analysis for the 
stability of a slope essentially removes the assumptions related 
to the shape of the critical slip surface. In other words, the shape 
of the critical slip surface becomes a part of the analytical solu-
tion through optimization techniques such as Dynamic Pro-
gramming. Baker (1980) applied the Dynamic Programming 
optimization technique while retaining Spencer's approach to 
the calculation of the factor of safety. Yamagami and Ueta 
(1988) combined the Dynamic Programming technique with the 
results of a finite element stress analysis. The analysis was thus 
similar to that of the "enhanced limit" method with the excep-
tion there was now no restriction on the shape of the slip sur-
face. Pham and Fredlund (2003) continued research on the ap-
proach advanced by Yamagami and Ueta (1988) and performed 
a comparative parametric study involving a variety of slope ge-
ometries and soil conditions. Once again, the computed factors 
were similar in magnitude to those obtained from limit equilib-
rium methods of slices where moment and force equilibrium 
conditions were satisfied. Poisson's ratio had a secondary effect 
on the computed factors of safety.  

Probably the greatest resistance to the use of the dynamic 
programming methodology is the use of a stress analysis for the 
calculation of the factor of safety of a slope. A recent study on 
the dynamic programming technique by Stianson et al. (2004) 
shows the results of a comparison of analyses performed using a 
linear elastic model and an elasto-plastic model for the calcula-
tion of the stress state. The results showed that the results from 
the linear elastic analysis and the elasto-plastic analysis were 
the same as long as the "global" factor of safety was greater 
than or equal to 1.0. The location of the critical factor of safety 
was also the same. When the computed factor of safety was less 
than 1.0, the results from the elasto-plastic analysis produced a 
deeper critical slip surface but the factor of safety tended to-
wards 1.0. However, if the deformed shape of the slope was 
used in the elasto-plastic analysis, then the elasto-plastic analy-
sis gave the same results as the linear elastic analysis (i.e., both 
in terms of the magnitude of the factor of safety and the location 
of the critical slip surface). These results help relieve concerns 
related to the use of a (linear) stress-strain analysis for the cal-
culation of the factor of safety when using optimization tech-
niques such as Dynamic Programming. 

There are a number of benefits that emerge from the utiliza-
tion of optimization techniques. First, the shape of the critical 
slip surface becomes a part of the solution. Second, the critical 
slip surface can be irregular in shape but must be kinematically 
admissible. Third, no assumption is required regarding the loca-
tion of the critical slip surface. Fourth, force and moment equi-

librium conditions are satisfied through the stress analysis. 
Fifth, the factor of safety equation is linear.  

5 SUMMARY OF TRENDS IN SLOPE STABILITY 
ANALYSES

Advances in the analysis for the factor of safety of a slope can 
be presented in the form of two "steps". The first "step" in-
volves the use of stress analyses to compute normal stresses at 
the base of each slice. The computed factors of safety are re-
ferred to as the "enhanced limit" method for the calculation of 
the factor of safety. The second "step" involves the use of opti-
mization theory to compute the shape, location and factor of 
safety for a soil mass. Advancements in computer technologies 
make the emerging changes for slope stability analysis attrac-
tive from the standpoint of engineering practice.  
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