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Abstract

Natural slopes exhibit a variable cross-section, limiting the applicability of methods
developed for regular slopes with constant cross-sections. This study aimed to compare the
SAM and SRM methods by analyzing the stability of a slope with two inclinations (54° and
31°). The methodology involved obtaining a topographic surface and analyzing it using the
MIDAS GTS NX program to demonstrate the influence of slopes and the analysis method on
the factor of safety. The results showed that the influence of slopes is greater than that of the
methods. Additionally, it was found that for small slopes, both methods yield similar results
for small element sizes in the mesh, while for large slopes, the SAM method is less
conservative, presenting values up to 130 % larger compared to SRM. Furthermore, the
results obtained with the SAM method indicate that the steep slope is 13.7 % more stable
than the gentle slope, which is not realistic. Additionally, the statistical analysis performed
shows differences of -0.4 between the SAM and SRM methods on the steep slope, reinforcing
the imprecision of the SAM method in obtaining the factor of safety in slopes with high
inclinations compared to the SRM method. Therefore, it was concluded that the SRM method
1s much more effective than the SAM. In addition, it is recommended to use the SAM method
as a complement to the SRM method for slopes with low inclinations.

Keywords
Factor of safety, midas software, slope stability, strength reduction method, stress
analysis method.

Resumen

Las laderas naturales presentan una seccién variable, lo que limita el uso de métodos que
fueron desarrollados para taludes regulares de seccion constante. Este estudio tuvo como
objetivo la comparacién de los métodos SAM y SRM a través del andlisis de estabilidad de
una ladera con dos pendientes (54° y 31°). La metodologia consistié en la obtenciéon de una
superficie topografica y su analisis empleando el programa MIDAS GTS NX, para demostrar
la influencia de pendientes y del método de analisis en el factor de seguridad. Se obtuvo como
resultado que la influencia de las pendientes es mayor que la de los métodos. Ademas, se
obtuvo que, en pendientes pequefias, ambos métodos presentan resultados semejantes para
pequeiios tamafios de elementos en la malla, mientras que, en grandes pendientes, el método
SAM es menos conservador, presentando valores de hasta 130 % mas grandes respecto al
SRM. Ademas, los resultados obtenidos con el método SAM indican que la pendiente abrupta
es un 13.7 % mas estable que la suave, lo cual no es real. Ademas, el analisis estadistico
realizado demuestra diferencias de -0.4 entre los métodos SAM y SRM en la pendiente
abrupta, lo que refuerza la imprecisiéon del método SAM en la obtenciéon del factor de
seguridad en taludes con grandes pendientes con respecto al método SRM. Por lo tanto, se
concluye con que el método SRM es mucho mas efectivo que el SAM. Adema4s, se recomienda
emplear el método SAM como complemento del método SRM en laderas de poca inclinacién.

Palabras clave

Factor de seguridad, software midas, estabilidad de taludes, método reduccién de
esfuerzos, método analisis de tension.
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1. INTRODUCTION

In the realm of geotechnical engineering, slope stability analysis holds immense
significance in preventing landslides and soil mass detachments that could lead to human
and material losses, this has prompted the investigation of this field through various studies
[1]-[3]. These events can be triggered by the action of gravitational forces and seepage forces
within the soil mass. In addition, they could fail due to excavation, the gradual disintegration
of their structure, and could occur in almost any environment slowly or suddenly with or
without apparent provocation [4]. Failures occur in various ways depending on the geological
composition of the soil, and can occur in the form of falls, topples, slides, spreads, and
flows [5].

Soil type, shape, and slope determine the risk level of slope collapse, which is quantified
in what is known as the safety factor. The safety factor represents the local or global stability
state of the slope, being in a critical state for safety factor values equal to 1 and unstable for
lower values [6].

Since the early 20th century, various methods for evaluating slope stability have been
developed, with the Limit Equilibrium Method (LEM) being the first among them and the
most widely used [7]. According to [8], in the 1960s, with the advent of computers, the
iterative processes characteristic of the aforementioned method was optimized, leading to
increased research and the emergence of new proposals, due to that, in 1975, the Strength
Reduction Method (SRM) was introduced by Zienkiewicz.

The SRM analyzes slope stability using the finite element method. This numerical
analysis determines the minimum factor of safety and the failure mode by considering
various loads and boundary conditions. Specifically, the SRM can be employed to simulate
the failure process without any assumptions, resulting in a single failure surface [8].

The method consists of reducing the soil shear strength parameters through the use of a
reduction factor. In this way, new strength parameters are obtained, which are reduced again
by another factor [9]. This process is repeated progressively until the model reaches the limit
equilibrium state and at that moment, the corresponding reduction factor is considered as
the safety factor of the slope [9].

Furthermore, SRM determines the failure mechanism based on the zone where the soil
mass is unable to withstand the applied stresses, leading to the automatic development of
the potential failure surface. It can be applied in both two-dimensional and three-dimensional
environments [10]. Its application has been studied in complex cases such as heterogeneous
soils [11] and in scenarios where factors such as earthquakes, groundwater, and temperature
are considered, as mentioned by [12], who conducted comparisons between this method and
the Limit Equilibrium Method.

The SRM has also been employed by other researchers in the study of residual soils [13],
which are soils that have not been mobilized by certain forces. It has also been used in studies
on the hypoplasticity of clays [14], vegetated slopes [15], and various other applications [16],
[17].

On the other hand, although the limit equilibrium method is one of the most widely used
in current design to evaluate slope stability, this method does not allow determining the
stress history in a real slope or the changes in soil behavior [18]. However, slope stability
analysis using the finite element method can consider the slope formation process and other
ground characteristics, but it requires more analysis time because it performs multiple
nonlinear analyses [18].

In recent years, research have been carried out to combine the strengths of the limit
equilibrium method and finite element-based slope stability analysis [19]-[21]. GTS NX
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software offers a slope stability analysis method known as the Stress Analysis Method (SAM),
which is a hybrid analytical method that combines the LEM and the finite element method
and uses the results of the finite element stress analysis [18].

This method calculates the maximum strength of each element within the potential
failure surface using the Mohr-Coulomb failure criterion. Therefore, similar to the SRM, this
method can only be applied to constitutive models based on this criterion. Unlike the SRM,
this method can only be employed in two-dimensional environments, and the potential failure
surfaces within the soil mass must be predefined.

Many studies have shown that there are differences in the results obtained using
analytical and numerical methods to evaluate slope stability [22], [23].

The objective of this study was to establish a comparison between two methods for
evaluating slope stability, SRM and SAM, for which the MIDAS GTS NX program was used,
where a mathematical calibration was applied to increase the accuracy of the results. The
research starts with obtaining the topographic surface to be analyzed, from which two slopes
of different slopes were extracted for study. These were analyzed three-dimensionally using
the SRM method and then, cuts were made in the area where the maximum stresses are
located to analyze the slope bidimensionally again with the SAM method and additionally
with the SRM. Finally, the results obtained for the safety factors by both methods were
compared.

2. MATERIALS AND METHODS

To evaluate two slope conditions, a topographic relief in the Tibetan region was selected.
A real mountainous terrain occupying an area of 800 m2 was selected and after obtaining the
contour lines through the CADMAPPER website [24]-[27], the topography of the site was
reproduced using the Autodesk Revit drawing tool, as shown in Figure 1.

J

i
!

Gentle area
Steep area

I
|

a) 3D b) 2D
Figure 1. Topographic surface. Source: own elaboration.

The assumed soil mechanical properties were hypothetical, furthermore, the stratigraphic
profile was considered homogeneous across the entire slope, consisting of a predominantly
granular soil. With respect to its strength parameters, the soil exhibits a cohesion of 17.5 kPa
and an internal friction angle of 36°. The soil's elastic modulus is 36500 kPa and its Poisson's
ratio is 0.33. Finally, only the wet unit weight of the material (18.5 kN/m?) was considered,
and the presence of the groundwater table was not taken into account. Also, the most widely
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used constitutive model for this type of soil and conditions is the Mohr-Coulomb model
[28]- [31].

For the analysis, the Midas GTS NX program was used, as it allowed for the
representation and evaluation of the relief in a 3D space. In the Midas GTS NX program, the
SRM and SAM methods were employed, as they were the only methods possible to evaluate
in said program. To conduct a comparison between the two methods, the primary variable
considered was the slope of the terrain. For this purpose, two similar areas were selected
from the modeled terrain for analysis. One of the areas exhibits a slope of approximately 31°,
henceforth referred to as "gentle," and the other area exhibits a slope of 54°, referred to as
"steep" (Figure 1). The geometry of both areas is shown in Figure 2.

a) Gentle slope b) Steep slope
Figure 2. Slopes representation. Source: midas GTS NX (own elaboration).

2.1 Mathematical calibration

In three-dimensional models, only the SRM method can be employed. The control
variables for calibrating the methods were: soil slopes, safety factors, mesh density, and
computation time. To achieve stability of the results, a mathematical calibration process was
carried out with 15 models for each surface, gradually reducing the size of the mesh elements
from 20 m to 6 m, which was the minimum allowed by the installed computing capacity
(Core 15, 16 GB RAM).

To obtain the most critical 2D models of the slope, cross-sections will be taken from the
calibrated 3D models, where the maximum soil stresses are located. In the case of two-
dimensional models, where both methods can be employed, the same procedure as for the
three-dimensional model was used for the SRM method. On the other hand, in the SAM
method, calibration was more complex due to the number of variables it encompasses. Unlike
SRM, the SAM method is capable of providing infinite failure surfaces of the soil mass, which
are calculated from two regions that must be drawn, which will be called "Center grid" and
"Line grid". The first grid generates the centers of the soil failure curves, and it varies in
width, length, slope, and the number of central points that are located. While the other grid
determines the tangent lines to these circumferences, in the same way, it varies in width,
length, slope, and the number of lines. The grids of the analysis are shown in Figure 3.
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Figure 3. Grids representation. Source: midas GTS NX (own elaboration).

As can be observed, the Center Grid (blue) represents the center of the soil failure curve,
while the Line Grid (red) represents the tangent lines to this curve.

Due to the large number of variables involved in the SAM method calibration, the
calibration process was simplified. The slope and width of the Center grid were maintained
as those corresponding to the slope being analyzed, and an element size of 20 m was
maintained. First, the variables related to the Center grid (only length and number of
centers) were calibrated, while the variables of the Line grid were kept constant. This process
was repeated until stability was achieved in the model. Then, the Center grid was fixed, and
the variables related to the Line grid were modified until total stability was achieved in the
model. Once the optimal model was obtained, the element size of the meshes was reduced in
the same way as for the SRM models to complete the calibration.

Computation time in the 2D environment was not considered as it was negligible for both
the SRM and SAM methods. Tables 1, 2, 3 and 4 show the coding used to organize the grids
within the SAM method during the calibration process.

Table 1. Steep slope Center grid encoding. Source: own elaboration.

Length ~ Number of points Code

185 5 RA-1
185 8 RA-2
258 8 RA-3
258 10 RA-4
365 10 RA-5
365 15 RA-6
566 15 RA-7
566 30 RA-8
2327 50 RA-9
2327 100 RA-10

Pagina 6 | 15



dJ. Vazquez Garcia, and A. Fernandez Limés TecnoLébgicas, Vol. 27, no. 61, e3164, 2024

Table 2. Steep slope Line grid encoding. Source: own elaboration.
Width Length Number of lines  Slope Code

179 505 3 -1.3 RA-11
179 505 5 -1.3 RA-12
179 505 8 -1.3 RA-13
179 505 20 -1.3 RA-14
209 439 20 -0.5 RA-15
132 506 20 -1.1 RA-16
147 535 20 -1.4 RA-17
147 535 50 -1.4 RA-18
179 505 3 -1.21 RA-19
179 505 5 -1.21 RA-20
208 603 8 -1.21 RA-21
208 603 20 -1.21 RA-22
209 509 8 -0.82 RA-23
182 506 8 -1.61 RA-24
213 581 20 -1.61 RA-25
213 581 50 -1.61 RA-26
163 479 20 -2.7 RA-27
163 479 50 -2.7 RA-28

Table 3. Gentle slope Center grid encoding. Source: own elaboration.

Length Number of points Code

372 10 RS-1
372 20 RS-2
372 50 RS-3
1208 50 RS-4
2500 50 RS-5

Table 4. Steep slope Line grid encoding. Source: own elaboration.
Width Length  Number of lines  Slope Code

400 171 5 0.863 RS-6
400 171 20 0.863 RS-7
400 200 20 0.863 RS-8
400 200 20 -1.2 RS-9
400 200 20 -0.5 RS-10

A greater number of models for the steep slope are presented in Tables 1 and 2 compared
to the gentle slope. This is attributed to the attainment of stability in the results for the
gentle slope occurring at a significantly faster rate than that for the steep slope.

The analysis can be performed using meshes with square, triangular, and hybrid (a
combination of the two) elements. In the initial runs, the difference between the safety factors
was less than 5 %. However, the computation time for the triangular mesh was 22 % higher
than that for the hybrid mesh, due to the less structured nature of the triangular mesh. The
rectangular mesh did not exhibit significant differences in computation time, but there were
negligible differences of 4 % in the safety factors compared to the hybrid mesh. Therefore,
the remaining two-dimensional and three-dimensional models were run using the hybrid
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mesh, as it offered shorter computation times without significant differences in the safety
factor.

2.2 3D model

The selection of the optimal domain (element size) is constrained by computation time
and safety factors. Therefore, several runs were performed, progressively decreasing the
element size in the three-dimensional models of both slopes. The safety factor values obtained
for each slope are illustrated in Figure 4.

1.5

1.4
1.3

-
\S]

-@-Steep slope Gentle slope

-
o

Safety factor

o o
® ©

0.7 T T T T T T T T T
20 19 18 17 16 15 14 13 12 11 10 9 8 7 6

Element size (m)

Figure 4. Safety factors for each 3D model. Source: own elaboration.

As can be observed in Figure 4, the behavior of both models is as expected. As the element
size increased, the safety factor continued to decrease. For the gentle slope, values with
minimal variation (less than 5 %) were obtained starting at an element size of 9 m. In
addition, the steep slope model exhibited very stable behavior, with differences less than 5 %
starting at an element size of 9 m. However, both models yielded relatively high computation
time values compared to the other models. Figure 5 shows the computation time results
obtained for each soil domain of both slopes.

5000
4000
Gentle slope =—@=Steep slope
3000

2000

Computation time (s)

1000

I e T T T

20 19 18 1l7 16 15 14 13 12 11 10 9 8 7 6

Element size(m)

Figure 5. Computation time for each 3D model. Source: own elaboration.
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As can be observed in Figure 5, starting from a mesh density of 9 m, the computation time
for the gentle slope model begins to increase compared to the other models, with a difference
of almost 60 % compared to the run with an element size of 6 m. On the other hand, for the
steep slope model, the computation time increases rapidly starting from 11 m, with a
difference of 80 % compared to the 6 m model.

For the gentle slope, the model corresponding to the element size of 9 m is adopted as the
optimal one, since the safety factor error is less than 5 % and it has a computation time of 9
minutes. In the case of the steep slope, the 9 m model represents an increase in computation
time of 25 % compared to the 10 m model; however, the error in the safety factor value of the
10 m model is 6.6 % compared to the 6 m model. Although the run time is longer, the 9 m
model is selected in order to increase the accuracy of the results.

The failure surfaces for each slope will be obtained from the selected optimal models
(element size of 9m in both cases); from these, the area of maximum stress will be selected to
perform the 2D analysis (Figure 6).

" 50U STRAIN

|
/ E-MAK SHEAR , None

SOLID STRAIN !

E-MAX SHEAR , None | ) lvf+2‘35122e+nnn

+1.72854e-+001 iy : s oD
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b1 5ea1se+000
I  +1.29666e+001 ” ®

: 413723801000
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+1,00874e+001 o

"9, B08428-001
47 Bs073-001

|
3
g
8

" y5.593040-001
" 43.935358-001

" 41077660001

1997442003

a) Gentle slope . b) Steep slope
Figure 2. Soil stresses. Source: midas GT'S NX (own elaboration).

2.3 2D model

With the sections where the maximum stresses of each slope were defined, it was possible
to perform the analysis of the two-dimensional surfaces. In the SAM method, it was necessary
to calibrate the meshes of both slopes. Next, Figure 7 shows the safety factor results for the
steep slope for this calibration.

As can be observed in Figure 7, starting with the RA-19 model, the safety factors show a
decreasing trend due to the change in slope of the line grid, reaching stability in the results
with maximum variations of 2.48 % between the R-19 and R-22 models. The calibration was
carried out with the RA-22 model, as it was with this model that the most critical safety
factor was obtained. This model (RA-22) has 100 centers in the Center Grid and 20 lines in
the Line Grid, with a slope of -1.21 %. Figure 8 shows the results for the gentle slope model.

In the case of the gentle slope, stability is observed in the results from the RS-2 model
onwards, with the lowest values being obtained from the RS-6 model. Therefore, this model
will be chosen for the remaining analyses. This model has 50 centers and 5 tangent lines with
a slope of -0.86 %. Once the grid models for each slope were obtained, both 2D models were
calibrated using the SRM and SAM methods.
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Figure 7. Steep slope grid calibration. Source: own elaboration.
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Figure 8. Gentle slope grid calibration. Source: own elaboration.

3. RESULTS AND DISCUSSION

A comparative analysis between both numerical methods for the two analyzed surfaces
was carried out. Next, Figures 9 and 10 illustrate the comparison of the calibrations of the
3D models and the 2D models.

Observations from Figure 9 indicate a close resemblance between the 3D and 2D models
employing the SRM method, with minor discrepancies in element sizes 17 and 14 meters,
exhibiting differences of 6.9 % and 4.9 %, respectively. In contrast, the SAM model initially
presents variations exceeding 10 %. However, from element size 13 onwards, the outcomes
stabilize, and starting with mesh 8, the safety factors generated by both models converge,
achieving a mere 3 % difference in meshes 8 and 6. Additionally the simple ANOVA indicated
a difference of -0.019 within the SRM method, suggesting that the means are very similar.
However, between SAM and SRM, there is a difference of -0.08, this indicates that the
differences are statistically significant at the 95 % confidence level. Regardless of this
ANOVA result, it is evident that as the element size grows, both models converge towards
the same value. However, when those results are compared to studies by [23] and [4], it is
found that these values do not coincide with the results obtained in the gentle slope.
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Figure 9. Gentle slope model comparison. Source: own elaboration.
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Figure 10. Steep slope model comparison. Source: own elaboration.

In this study, more conservative results are obtained with the analytical method, which
does not correspond to the research carried out. This is due to the irregularity of the slope's
cross-section, since most studies where analytical and numerical methods are compared to
evaluate slope stability are only carried out on slopes with a regular section, as those made
by [4], and other researches[22], [23].

Analogously to the previous case, in Figure 10 the outcomes obtained from the 3D and 2D
models using the SRM method exhibit close agreement, with discrepancies diminishing
further for grid sizes 14 and above, where the difference is merely 3.5 %. However, the
disparity between the SAM and SRM methods is substantial, as the SAM method
consistently yielded values that deviated significantly from those of the SRM method. The
smallest discrepancy between the SAM and SRM methods was observed for grid sizes 20, 14,
and 12. In these instances, the error exceeded 19.6 %, with the largest divergence occurring
for the 11 m, where the SAM method yielded a value approximately 130 % higher than that
of the SRM method. This is supported by the ANOVA analysis for a significance level of 95 %.
A difference of -0.031 was found within the SRM method, while a difference of -0.4 was
observed between SRM and SAM, highlighting the greater variability associated with the
SAM method. Compared to the values obtained by [23], it is found that these values
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correspond to those obtained in this study, since in both cases more conservative values are
obtained with the numerical method. In addition, according to [23], the analytical methods
show satisfactory safety factors, while in the simulation methods values are obtained where
the safety factor is within an unsafe range, which corresponds to the analysis obtained in the
steep slope. Consequently, the values produced by the SAM method in this case bear no
resemblance to those obtained using the SRM method.

Furthermore, apart from the discrepancies observed between the SAM and SRM methods,
the SAM method exhibits unstable behavior. This instability manifests as an increasing
factor of safety with progressively larger grid sizes, leading to less conservative outcomes for
more precise analyses. Additionally, the factor of safety achieved for the smallest grid size
(6 m) is 1.38, which exceeds all values obtained by the SAM method for the gentle slope. This
contradiction arises from the fact that a 54° slope is not 13.7 % more stable than a 31° slope
when the only variable differentiating them is the slope angle. This highlights the limitations
of the SAM method in accurately assessing the stability of natural slopes with steep
inclinations.

A multi-factor ANOVA was employed to analyze the results, with factor of safety being
the dependent variable. The independent variables included slope angle (31° and 51°) and the
analysis methods (SAM and SRM in 2D, and SRM in 3D). The analysis revealed that, as
anticipated, the variation in slope angle exerted a more pronounced influence on the factor
of safety, with an effect size up to 14 times greater than that of the different analysis
methods.

The obtained results are only affected by the analyzed control variables (soil properties,
mesh density and computation time). Therefore, the results are specific only to the variables
included in the study and it cannot be assumed that they apply to other variables that were
not considered. The influence of the water table on slope stability or the heterogeneity of the
terrain are factors that could influence the results if they were taken into account. However,
the obtained results can be generalized as long as the soil are predominantly granular,
homogeneous and exhibit a Mohr-Coulomb constitutive model. In addition, as long as the
slopes are within the stablished range between a gentle slope (31°) and a steep slope (54°),
the results obtained in the study will be valid.

4. CONCLUSIONS

This study aimed to calibrate a slope stability model for natural slopes and compare the
effectiveness of two methods: SAM (Stress Analysis Method) and SRM (Strength Reduction
Method). The findings clearly demonstrate that SRM outperforms SAM for analyzing slopes
with steep inclinations. This superiority is evident not only from the direct comparison but
also from the SAM method's behavior on such slopes, where increasing precision leads to
inflated safety factors. The SAM analysis reveals that the steep slope exhibits a 13.7 % grater
factor of safety then the gentle slope, a result that is physically inconsistent given the
homogeneous soil conditions. On the other hand, the factors of safety for the gentle slope were
found to be stable using this method; however, the steep slope showed significant variability,
with differences approaching 130 %. Also, the statistical analysis performed shows
differences of -0.4 between the SAM and SRM methods on the steep slope. Moreover, SRM
can determine the failure curve without prior knowledge of its location, while SAM generates
an infinite number of curves. The primary advantage of SAM lies in its ability to detect local
soil failures due to the infinite curves it produces, whereas SRM only identifies the global
failure of the soil mass. Therefore, it is recommended to use SAM in conjunction with SRM
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for slopes with gentle slopes but not for determining the safety factor of global failures on
steep slopes.
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