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In the first part of the paper the authors present a com-
parative analysis between the location of the critical slid-
ing surface computed by limit equilibrium method (LEM)
using an optimization procedure (annealing technique)
and the location of the maximum shear strains (total/
incremental) computed by finite element analysis (FE)
determined from the strength reduction method (SRM).
For the FE-SRM both non-associated flow rule (SRM1)
and associated (SRM2) are used. Furthermore, in this sec-
tion the authors present a comparison between the factor
of safety values (FOS) computed by Spencer’s method
and the SRM1 and SRM2. Next, the authors have con-
structed three interesting cases where the applicability of
SRM might be limited. The first example presents the
influence of a soft band in SRM. In the two other exam-
ples the presence of different sliding surfaces is high-
lighted. In the last section a small parametric study with
respect to the influence of the elastic modulus for SRM
is presented.

1. Comparative analysis between LEM and FE-SRM

The authors conclude from the first part that for most of
the cases the FOS obtained by SRM are slightly larger than
those obtained by LEM with only few exceptions. How-
ever, by performing a FE-SRM with PLAXIS (commercial
finite element package) [1], the discussers found that for all
of the cases the FOS values are lower than those obtained
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by the authors’ method, and for most of the cases slightly
lower than LEM.

It is worth mentioning that the FOS computed from
Spencer’s method without optimization procedure (anneal-
ing technique) are higher than SRM. However, for some
cases (especially case 16 and other cases with low friction
angle) using the optimization technique, the FOS value
might be 10% lower than SRM, and for those cases the
location of the sliding surface differs. These cases should
be considered for further analysis.

It is assumed that the authors performed the FE-SRM
calculations for a maximum tensile strength equal to the
cohesion divided by the tangent of the friction angle,
related to Mohr–Coulomb failure criteria. Most of the
soils do not support or support small tensile strength
and a tension-cut off equal to zero, i.e. tensile strength
equal to zero, is more realistic and conservative. To extend
the comparative analysis, a tension-cut off for both non-
associated flow rule (SRM1T) and associated (SRM2T)
has been introduced. The presence or absence of a ten-
sion-cut off influences the computation of the factor of
safety in SRM and at the same time affects the location
of the sliding surface especially at the crest of the slope.
Moreover, the tension-cut off might cause concentration
of strains at the toe of the slope for a associated flow rule.
For this case, the determination of the sliding surface
derived from the total/incremental shear strain contours
needs extra care.

Table 1 present the comparative analysis using PLAXIS
with and without the inclusion of the tension-cut off. Based
on Table 1 some summary conclusions can be made as
follows:
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Table 1
Factor of safety (FOS) by LEM and SRM

1 2 3 4 5/6 7/8 9/10 11/12 13/14 15/16

Case c0

(kPa)
/ 0

(�)
FOS
(LEM)

Cheng et al.
(SRM1/
SRM2)

Plaxis
(SRM1/
SRM2)

%Plaxis-LEM
(SRM1/SRM2)

%Plaxis-Cheng
(SRM1/SRM2)

Plaxis(Tension-cut)
(SRM1T/SRM2T)

%Plaxis(T)-LEM
(SRM1T/SRM2T)

1 2 5 0.25 0.25/0.26 0.25/0.25 �1.00/0.9 �1.00/�3.0 0.24/0.25 �5.5/�1.3
2 2 15 0.50 0.51/0.52 0.45/0.50 �10.3/�0.6 �12.1/�4.4 0.46/0.49 �9.0/�1.9
3 2 25 0.74 0.77/0.78 0.66/0.75 �11.2/1.0 �14.6/�4.2 0.65/0.75 �12.4/0.9
4 2 35 1.01 1.07/1.07 0.92/1.03 �8.60/2.0 �13.7/�3.8 0.85/1.02 �15.5/1.4
5 2 45 1.35 1.42/1.44 1.11/1.35 �17.4/0.1 �21.5/�6.2 1.24/1.25 �8.4/�7.7
6 5 5 0.41 0.43/0.43 0.42/0.42 2.5/3.2 �2.3/�1.6 0.41/0.41 �0.7/0.0
7 5 15 0.70 0.73/0.73 0.69/0.71 �1.9/1.6 �6.0/�2.6 0.67/0.69 �3.9/�1.7
8 5 25 0.98 1.03/1.03 0.90/0.99 �7.8/1.4 �12.3/�3.5 0.89/0.97 �8.8/�1.5
9 5 35 1.28 1.34/1.35 1.16/1.29 �9.1/0.8 �13.2/�4.5 1.14/1.28 �11.1/�0.3
10 5 45 1.65 1.68/1.74 1.45/1.62 �11.9/�2.1 �13.5/�7.1 1.45/1.61 �11.9/�2.6
11 10 5 0.65 0.69/0.69 0.68/0.68 4.6/4.8 �1.4/�1.3 0.65/0.65 0.3/0.4
12 10 15 0.98 1.04/1.04 0.99/1.01 1.2/2.7 �4.7/�3.2 0.97/0.98 �1.1/0.3
13 10 25 1.30 1.36/1.37 1.27/1.32 �2.2/1.2 �6.5/�4.0 1.24/1.29 �4.8/�0.9
14 10 35 1.63 1.69/1.71 1.56/1.63 �4.3/0.0 �7.7/�4.7 1.51/1.60 �7.3/�1.7
15 10 45 2.04 2.05/2.15 1.89/1.97 �7.6/�3.5 �8.0/�8.5 1.84/1.96 �9.7/�4.0
16 20 5 1.06 1.20/1.20 1.17/1.17 10.7/10.7 �2.2/�2.3 1.12/1.12 5.5/5.5
16a 20 5 1.19 1.17/1.17 �1.4/�1.4
17 20 15 1.48 1.59/1.59 1.54/1.53 4.0/3.5 �3.2/�3.7 1.48/1.49 0.0/0.4
18 20 25 1.85 1.95/1.96 1.87/1.87 1.2/1.3 �4.0/�4.4 1.81/1.82 �1.9/�1.5
19 20 35 2.24 2.28/2.35 2.23/2.20 �0.5/�1.9 �2.3/�6.5 2.15/2.14 �3.8/�4.3
20 20 45 2.69 2.67/2.83 2.62/2.55 �2.8/�5.2 �2.0/�9.9 2.56/2.49 �4.9/�7.3
21b 5 0 0.20 –/0.23 –/0.22 –/11.1 –/�3.4 –/0.22 –/7.9
22b 10 0 0.40 –/0.45 –/0.44 –/11.1 –/�1.3 –/0.43 –/7.6
23b 20 0 0.80 –/0.91 –/0.89 –/11.1 –/�2.3 –/0.87 –/8.7

a Slip surface without optimization.
b Critical slip surface located infinitely deep.
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(1) For all cases PLAXIS computed FOS that are lower
than the authors’ values. The differences range from
1% to 21.5%. The differences might be attributed to
the type of nonlinear solution algorithm.

(2) In contrary to the authors’ statement one, most of the
FOS obtained from the SRM1 are smaller than those
obtained from the LEM with only few exceptions
(some optimization cases). These differences increase
when zero-tensile strength is introduced. LEM with
optimization search computed FOS values lower than
SRM1 when the friction angle is small.

(3) In general the FOS when using an associated flow
rule (SRM2) and (SRM2T) are slightly greater than
those from a non-associated flow (SRM1) and
(SRM1T), respectively. Exceptions are cases 19 and
20 where this relation changes.

(4) When the cohesion of the soil is higher than 5 kPa
and the tensile strength is neglected, the differences
are greatest for higher friction angles (column 15
Table 1).

(5) For the cases where / = 0�, SRM produced a very
deep seated slip surface affected by the boundaries.
For these cases (21–23) the FOS computed for SRM
are not representative for the most unfavourable situ-
ation. Any comparative analysis between the FOS and
the location of the sliding surface according to LEM
and SRM should take into account this condition.
Another important aspect that should be considered is
the initial state of stress (ISS) used to perform SRM. Stres-
ses measured in the field are almost never available, and for
cases where the FOS is expected to be higher than 1 (stable
slope), the gravity loading procedure is appropriate to eval-
uate the ISS. However, for cases where FOS < 1 (unstable
slope), the gravity loading procedure fails to reach the
whole weight. For these cases the computation of ISS could
be replaced by a K0 procedure, where K0 = rx/ry. The com-
putation of the ISS might affect the FOS and the location
of the critical sliding surface.

In this section some remarks are given that need
authors’ consideration:

(a) For the examples depicted in Fig. 5 and cases 21–23
(Table 1), where / = 0� and slope inclination
b 6 53�, the location of the critical slip surface is
expected to be infinitely deep (Taylor chart 1948).
From performing the FE-SRM, this situation is clear
from the fact that the boundaries affect the location
of the slip surface and extending the boundaries as
done by the authors, or even further, does not help
to determine the critical location of the sliding sur-
face. LEM always detect the worst surface (might or
might not be the critical surface) within the range
of the search input parameters (search grid, search
radius, entry and exit points, and so on).



Fig. 20. Critical zones by FE-SRM, example 1. (a) Incremental shear
strain contours and (b) Plastic points.

Fig. 19. Safety map by LEM, example 1.
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(b) Information on the characteristics of the numerical
method, solution algorithm and computation of the
initial state of stresses, in the authors’ analyses might
be helpful in understanding the differences.

(c) For further studies, it could be helpful to provide the
procedure used to define the critical sliding line from
the shear strain contours used by the authors.
Although, the authors’ interest is mainly on the loca-
tion of the critical sliding surface, the statements
regarding the FOS should be reevaluated as well.

(d) The authors mentioned on p. 2 that there are limited
studies which compare the critical failure surfaces
from LEM and SRM. For further studies, it could
be helpful to provide the references and the conclu-
sions of these limited studies.

2. Other failure surface by FE-SRM

The authors state that ‘‘It is possible that the use of
the SRM may miss the location of the next critical failure
surface (with a very small difference in the FOS but a
major difference in the location of the critical failure sur-
face) so that the slope stabilization measures may not be
adequate. This interesting case has illustrated a major
limitation of the SRM for the design of slope stabiliza-
tion works.’’

The study made by Cala et al. [2] presents the use of
numerical techniques for determining other failure surfaces
apart form the critical one. A modified shear strength
reduction technique (MSSR) is applied which is based on
reducing the shear strength properties of soils after identi-
fication of the first slip surface. The benched slope used in
[2] is similar to the example depicted by the authors in
Fig. 13. The method proposed by Cala et al. needs extra
computations and is also applicable to the case of unstable
slopes FOS < 1, which may cause some numerical prob-
lems in FE-SRM.

Based on their experience working with FE-SRM, the
discussers present a procedure to deal with the location
of other failure surfaces by retaining all the steps in the
SRM computations and without the need of extra compu-
tations. Further research is still going on, but the possibil-
ity to capture different sliding surfaces apart from the
critical one by performing FE-SRM seems to be possible
as illustrated by the next examples. Moreover, the repre-
sentation by a single line to characterize the sliding mech-
anism can be misleading for the implementation of
remedial measures. And the advantage of FE-SRM in get-
ting a sliding zone (shear strain contours) is lost by trying
to extract a single line from these zones.

The same criteria as used by Renaud et al. [3] in LEM
are used. In the paper, the necessity to retain and visualize
all slip surface information to determine the full extent of
potential slope instability is mentioned. All steps in FE-
SRM (different strength reduction computations) are
retained and all possible unstable mechanics checked to
determine the full potential zones of instability.
Comparative analyses are presented for the examples
given by the authors and additional safety maps are pre-
sented following the procedure given by Renaud et al. [3].
The safety map is constructed by minimizing the factor
of safety between all the slip surfaces going through a mesh
point. The slope is discretized and for each point in the
mesh the minimum FOS value that is near to the point is
assigned. A rectangular mesh spacing of 0.20 m is used
for the discretization, and for each node the selection of
the slip circles (Bishop) that intersect a rectangle of length
0.20 m was used. A filtering FOS value of 1.6 was used for
visualization purpose. The result is a safety map where the



Fig. 21. Safety map by LEM, example 2.

Fig. 22. Critical zones by FE-SRM, example 2. (a) Incremental shear
strain contours and (b) Plastic points.
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different FOS are depicted. More details about the proce-
dure is presented in [3].

The two slope angles example presented by the authors
in Figs. 10–12 is less critical because the potential sliding
mechanism falls inside the shear zone computed from
FE-SRM. Any slope stabilization measure done for the
most critical failure mechanism will affect the other mech-
anisms. Soil parameter c = 10 kPa, / = 30�, w = 0� and
zero-tensile strength are used. The safety map computed
using the aforementioned procedure is shown in Fig. 19,
in which the visualization of the local minima is better than
when presenting few sliding lines. The limit equilibrium
sliding surfaces obtained by the authors are superimposed.
This safety map is important for the design and implemen-
tation of stabilization actions.

Shear strain contours and plastic zones developed by the
FE-SRM are shown in Fig. 20. In this case, the FE-SRM
procedure capture all the potential sliding surfaces and
the implementation of any remedial measure will fall in this
zone.

The case presented in Fig. 13 needs the retention and
visualization of the whole SRM. The FOS computed in
PLAXIS for this case is 1.302 in which c = 5 kPa, /
= 30�, w = 0� and zero-tensile strength are used. The criti-
cal sliding surface is similar to Fig. 13f, in which only the
global minimum is detected. The safety map in which the
sliding lines presented by the authors are superimposed is
shown in Fig. 21. This safety map depicted all the potential
unstable zones. Shear strain contours and plastic/tension
points developed in a FE-SRM step are shown in
Fig. 22. It is worth noticing that the SRM captures the dif-
ferent failure surfaces, thus retaining the information given
in the different FE-SRM steps helps to the design and the
implementation of stabilization actions. From these figures
the zone of instability can be clearly detected. The good
representation of all the possible sliding surfaces makes it
plausible to use FE-SRM to detect multiple failure
mechanism.
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