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Delimitation of safety zones by finite element analysis

J. Bojorque, G. De Roeck & J. Maertens
Dept. of Civil Engineering, K.U. Leuven, Leuven, Belgium

ABSTRACT: This paper deals with the determination of safety zones and local minima by using finite element
analysis. Used is made of finite element method in order not to constraint the analysis by neither the assumptions
in the location of the sliding surface nor in the interslice force function. It is known, that only the most critical
failure mechanism and global minimum are evaluated by the strength reduction method, in such approach local
minima most of the time are unnoticed. Here, it is proposed that the safety zones and the local minima can be
detected by keeping the information generated in the strength reduction process. In addition, the importance
of soil properties in the location of the failure mechanism is highlighted. The methodology is presented in an
artificial case study and in a real natural slope. The safety zones should be considered in landslide stabilization

and remediation.

1 INTRODUCTION

Numerical methods have been recognized as a power-
ful tool for practical geotechnical applications. These
techniques have become important for slope stability
analysis, especially when complex stratigraphy and
complex soil behaviour are treated. Moreover, the use
of the strength reduction method (SRM) to define
the stability of a slope has shown some advantages
over traditional methods (Griffiths & Lane 1999,
Dawson & Drescher 1999), among others. On the other
hand, one limitation of the strength reduction approach
is that only the most critical failure mechanism and
global minimum are evaluated (Cala etal. 2004; Cheng
etal. 2007). Therefore, by SRM, local minima most of
the time are unnoticed. In engineering practice apart
from the global factor of safety and the critical sliding
surface associated with it, it is important to detect the
local minima.

In classical limit equilibrium analysis, local min-
ima are defined by evaluating different sliding surfaces
associated with different safety factors. A single line
to characterize the sliding mechanism can mislead the
implementation of remedial measures. Safety maps
can be generated by using limit equilibrium concepts
to detect safety/unsafety areas. Those maps are repre-
sented by a series of contour lines along which minimal
safety factors are constant (Baker & Leshchinsky
2001, Renaud et al. 2003). However, limit equilib-
rium methods need to use key assumptions in other to
solve the problem. These assumptions and the disre-
gard of the strain-stress relationship limit their use in
some extension.
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The modified shear strength reduction technique
in the framework of Finite Difference Method (Cala
et al. 2004), has been proposed in order to detect
several sliding surfaces. The technique is based on
gradually reducing the strength properties after iden-
tification of the first sliding surface. The modified
technique needs extra computations and is not applica-
ble for finite element analysis, causing some numerical
problems. In this paper, it is proposed that the strength
reduction technique used in the framework of finite
element method can still given information regarding
different failure mechanisms by keeping the differ-
ent stages generated during the process. Furthermore,
the necessity of detect different failure mechanisms
that can arise from small changes in soil parameters is
highlighted. Used is made of finite element methods
in order not to constraint the analysis by neither the
assumptions in the location of the sliding surface nor
in the interslice force function. Moreover, the advan-
tages of finite element slope stability analysis can be
exploited.

Safety zones and local minima are detected in
finite element analysis by keeping all the shear zones
defined by using different strength reduction coeffi-
cients (Bojorque et al. 2007). The safety zones should
be considered for the selection and location of remedial
measures for landslide stabilization. The verification
of the procedure is presented in an artificial case study
acquired form literature in which the development of
local minima is indicated. The methodology is imple-
mented, as well, in a case study of a natural slope
located in Ecuador where the presence of different
failure mechanisms should be evaluated.



2 FINITE ELEMENT METHOD—STRENGTH
REDUCTION TECHNIQUE

In the framework of finite element slope stability
analysis, the Factor of Safety (FoS) is defined as clas-
sical methods. Hence, the factor of safety of a slope
is defined as the factor by which the shear strength
parameters must be divided in order to bring the slope
to failure (Griffiths and Lane 1999). When the same
strength reduction factor (SRF) is used for both, the
cohesion (c) and tangent of the friction angle (tan ¢),
Equation 1 holds.

SR = © - tan®

¢ (tang),

(M

where ¢/ and (tan¢),; represent the factored
parameters.

To compute the factor of safety and its associated
failure mechanism, finite element method uses the
strength reduction method (SRM). In this process, the
cohesion and tan ¢ are gradually reduced or increased
until non-convergence or convergence, respectively, in
the plastic solution is found. This reduction or increase
will depend on both, the initial estimation of the
strength reduction factor and the stability of the slope.
When small changes in the strength reduction factor
produce jumps from convergence to non-convergence
in the solution, the factor of safety is determined. At
this limit, Equation 1 can be re-written as,

SRF at failure = Factor of Safety

available strength

== @

critical strength

It is noticed, based on Equation 2, that if the initial
estimation of the safety factor, represented by SRE, is
higher than the factor of safety, the SRM will reduce
the soil strength parameters by increasing the esti-
mated SRF. Otherwise, if the initial estimation is lower
than the factor of safety, the approach needs to increase
the strength parameters.

Before performing the SRM, the initial state of
stress should be determined. For cases where the slope
is stable, FoS > 1, the initial state of stress is normally
computed by the gravity loading procedure using the
slope own-weight. On the contrary, when the slope is
unstable, FoS < 1, the KO-procedure is adopted, with
atypical value of KO = 1—sin ¢. In this last approach,
the vertical stress (oy) is determine by the weight of
the slope and the horizontal stress (oy,) is obtained
from the relationship KO = (oy,/0y). Once the initial
stresses are computed, the determination of the fac-
tor of safety is obtained by the SRM. The SRM will
process different calculations for different strength
parameters (strength reduction factor), some of them

will be higher than the factor of safety and other lower
than this value. By retaining and properly visualiza-
tion of the different steps, it is possible to detect other
failure surfaces that can emerge from the computa-
tions. The failure mechanism can be identified by
the shear strain contour computed from the results
of the SRM. Different failure mechanisms associated
with different reduced parameters can be detected and
incorporated in safety zones by locating different shear
zones (Bojorque et al. 2007).

The finite element program PLAXIS using 15-node
elements is used for the slope stability analysis based
on the strength reduction method (PLAXIS-BV 2004).
The soils are modelled as elastic-plastic material
with Mohr-Coulomb failure criterion and zeroten-
sile strength. Vertical and horizontal displacements
restricted on the base and horizontal displacements
restricted on the sides are used as boundary conditions
for the analyses.

3 NUMERICAL EXAMPLE

A two slope angles example is presented to compute
the safety zones. The geometrical configuration and
soil properties are given in Figure 1. This example is
taken from the benched slope case presented in (Cala
et al. 2004). The lower slope is inclined 45° and the
upper one is inclined 40°.

3.1 Limit equilibrium safety map

A comparative analysis is presented with respect to
limit equilibrium calculations in order to validate the
results. Bishop’s limit equilibrium equations using
circular slip surface is adopted. Figure 2 shows the crit-
ical sliding surface determined by Bishop’s method.
Besides, the location of the 100 most unsafe slip
surfaces are given.

It is worth noticing that two well defined failure
mechanisms are presented. One located in the lower
slope, in which the critical slip surface is developed
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Figure 1. Geometrical configuration and soil properties of

the two-angle slope example.
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and has a safety factor, associated with it, equal to 0.94.
The other mechanism is located in the upper slope with
a minimum safety factor corresponding to 0.99. The
first 100 sliding surfaces corresponded to factors of
safety from 0.94 to 1.06. A better representation of the
limit equilibrium results can be given by a safety map
(Baker and Leshchinsky 2001; Renaud et al. 2003).

The safety map is constructed by dividing the slope
model by a mesh and assigning to each point in a mesh
a factor of safety obtained by minimizing the factor
of safety between all the slip surfaces going through
this point (Renaud et al. 2003). For this example the
slope is divided into a rectangular mesh instead of a
triangular mesh. For each point in the grid the mini-
mum factor of safety from the nearest slip surface is
input. Any limit equilibrium method can be used for
the computation of the sliding surfaces, for this exam-
ple Bishop’s method with circular slip surfaces is used.
A rectangular mesh spacing of 0.15m is adopted for
the discretization. A filtering value of 1.4 in the safety
factor is used to enhance the visualization of the safety
map. Figure 3 shows the safety map for the two slope
angles example and the critical slip surface is repre-
sented by the white hashed line which correspond a
factor of safety equal to 0.94.
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Figure 2. Critical and first 100 most unsafe slip surfaces
generated by Bishop’s limit equilibrium method. Factor of
safety for the critical slip surface equal to 0.94.
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Figure 3. Safety map generated from Bishop’s limit equi-

librium method. Critical slip surface (white hashed line)
correspond to a factor of safety equal to 0.94.
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The darker zones are critical areas where the failure
can occur. This map is generated by using 10, 000 cir-
cular slip surfaces. From this map the determination of
safety zones are enhanced by retaining and visualizing
all slip surface information.

3.2 Finite element results

For the two slope angles example the FoS determine
by FE-SRM is equal to 0.87. This value was computed
by performing 60 steps in the SRM. It is noticed that
after the fourth step, the critical factor of safety has
been reached, the next computations from 5 to 60, are
performed to check the stability of the SRM. From step
4 to the last step 60, the plastic points are constant and
are located at the lower slope (Fig. 4b). In stage 3, when
the strength reduction factor is equal to 0.93, two fail-
ure mechanisms are detected (Fig. 4a). If only the last
result is considered, as it is typically the case, the sec-
ond mechanism at the upper slope is unnoticed. This
can mislead the implementation of remedial measures.
Therefore, the slope stability performance for others
strength reduction factors is needed.

In PLAXIS, the initial SRF is computed automati-
cally, this can be a drawback if others values are needed
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Figure 4. Plastic and tension points generated during the
strength reduction method. (a) Stage 3, strength reduction
factor equal to 0.93. (b) Stage 4, strength reduction factor
equal to 0.88.
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Figure 5. Shear strain contour generated during the strength

reduction method at Stage 4, strength reduction factor equal
to 0.88.

to be check. For this example, the initial SRF value is
1.03, for step 2 the SRF is reduced to 0.98, and in
stage 3 to 0.93. For the example, these SRF values are
adequate to detect different potential failures.

When performing a FE-SRM, it is necessary to
retain all the different strength reduction computa-
tions. This information enables to detect potential
unstable mechanisms. By exporting the strains gen-
erated at the Gauss points and drawing the shear strain
contour for different limits, others failure mechanisms
can be detected. Figure 5 shows the shear strain con-
tour computed for stage 4, from this stage and on,
plastic points are not more generated at the upper slope
(Fig. 4b). By the properly vizualization the location of
the two failure zones and the potential unstable zones
are located. By this process it is plausible to detect
different safety zones in which adequate stabilization
measures can be implemented.

Good correspondence between limit equilibrium
results (Figs. 2-3) and SRM (Fig. 5) are produced. The
safety map generated by Bishop’s limit equilibrium
method and the safety zones determined by the shear
strain contour shows the same failure mechanisms.

For simple slope problems, the determination of
safety zones, by shear zones or safety map, is less
critical since the critical sliding mechanism and local
minima are near to each other. Any slope stabilization
action done for the most critical failure mechanism
will affect the other mechanisms. The local minima
will fall inside the shear strain contour and plastic
points developed by FE-SRM. Therefore, it facilitates
the slope stability analysis.

4 INFLUENCE OF SOIL PROPERTIES

In this second example, the importance of consider-
ing different soil parameters in the failure location
is shown. This example is a slope located at km
274000 at the left hand side of the road Cuenca-
Machala in Ecuador. It has an inclination of about

40 degrees. Three main soil units are identified; collu-
vium, weathered tuff material (Tuff) and the volcanic
rock basement. The stratigraphy and cross-section
configuration are shown in Figure 6. Soil mechani-
cal parameters are given in Table 1, in which, y is the
unit weight, c is the cohesion, ¢ is the friction angle,
E represents the Young’s modulus, and v is the Pois-
son’s ratio. For all the analyses zero-tensile strength is
used. Soil parameters were obtained from performing
in situ and laboratory tests.

For the colluvium stratum, in which the potential
landslide is situated, the cohesion has a value between
9 to 15 kPa and the friction angle varies from 23 to 29°.
Even tough, the relative small variation in soil param-
eters, this changes the location of the failure surface.
Figure 7a shows the shear strain contour for the slope
having a ¢ = 9kPa and ¢ = 29°, for those param-
eters the FoS is equal to 1.27 and the failure surface
indicated by the strain contour is located at the upper
part of the colluvium. For the same geometrical con-
figuration and by changing the ¢ to 10kPa and ¢ to
26°, a second failure mechanism arises, this second
failure is deeper and it is located at the lower part of
the stratum (Fig. 7b). For this case, the computed FoS
is equal to 1.19. If now, the ¢ = 15kPa and ¢ = 23°,
the upper failure disappears and only the lower fail-
ure is detected (Fig. 7c), having a FoS equal to 1.14.
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Figure 6. Stratigraphy and geometrical configuration for

the potential instability at Cuenca-Machala motorway (km
27+4000), Ecuador.

Table 1. Geomechanical properties for the different
materials.

Parameter Material

symbol Units Colluvium tuff Rock
y KN/m? 16.7 17.6 24.5
c kPa 9-15 60.0 200
¢ degrees 23-29 335 40.0
E MPa 60 100 300

v [-] 0.25 0.25 0.40
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Figure 7. Shear strain contours generated during the

strength reduction method. (a) upper failure, ¢ = 9 kPa and
¢ = 29°, factor of safety equal to 1.27. (b) mixed failure,
¢ = 10kPa and ¢ = 26°, factor of safety equal to 1.19.
(c) lower failure, ¢ = 15kPa and ¢ = 23°, factor of safety
equal to 1.14.

This example shows that for small different soil
strength parameters very different failure mechanisms
can be developed. To construct safety zones the
location of the different failures should be delimitated.

It is worth noticing that by the principal of the
strength reduction method, all slopes which have the
same strength parameters (¢ and tan ¢) but are fac-
tored by any scalar, will have the same failure mode.
In other words, if a slope has parameters ¢, tan ¢ and
FoS), then, if another slope has parameters c; = ¢} F
and tan ¢, = tan ¢]F, then the factor of safety FoS,
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Figure 8. Delimitation of different failure modes depending
in soil properties combinations.

is equal to FoS}F, and the failure mechanisms is the
same. In which, F is any scalar number. This definition
is valid for cases where no external load or water forces
are presented. Taking this relationship into account, a
plot can be draw indicating some of the combination
of the soil parameters (c and tan ¢) that will have the
same failure mechanism. Figure 8 shows the combi-
nation of cohesion, tan ¢ and ¢, which gives the same
failure mechanism and where the factor of safety will
be ratio to each other.

The upper, mixed and lower lines represent the
factored parameters (¢ and tan ¢). All the strength
parameter combinations that fall above the upper fail-
ure line will produce an upper failure. And all the
combinations that fall below the lower failure will
develop a lower failure. At the “unknown zone” (lack
of computations), if the parameters are above the
mixed failure line, the failure can be mixed or upper, if
the parameters fall below the later line the failure will
be mixed or lower. The exact limits between the differ-
ent mechanisms are not yet defined, further research
is still going on to define these limits and reduce the
unknown zone.

5 CONCLUSIONS

This study presents a proposal to identify different
failure surfaces by retaining the information given in
the strength reduction method by different strength
reduction factors. Finite element method is used in
order not to constraint the analysis by the assumptions
employed by others methods regarding the failure. By
properly vizualization of the shear strain contour the
safety zones are detected. The strength reduction fac-
tor used to compute the factor of safety gives local
minima for different computations. Good agreement
is encountered with the safety map generated by limit
equilibrium method.



Small changes in soil properties can cause remark-
able changes in the failure mechanism, thus safety
zones should be evaluated by performing different
soil combinations. By appropriately manipulation of
the finite element slope stability information, the full
extent of potential slope instability is depicted. This
will contribute for the correct design and implemen-
tation of the stabilization measures.
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