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Abstract

Background: Decreasing slope angle and slope height increases the slope factor of safety and can change the
shape of likely slope failure. The increase in the factor of safety is at different rates, which can depend on soil type
and slope geometry. Understanding the relationship between the slope height and angle decrease with the
increase in factor of safety is vital to implement an efficient method of increasing factor of safety for slope stability
problems. In addition, the shape of slope failure has to be observed thoroughly, not to increase the sliding mass of
soil for a likely slope failure, even though the factor of safety has increased.

Results: Three homogeneous slopes of different soil characteristics were analyzed several times by changing the
slope height and angle to determine the factor of safety. The shape of failure was also observed and recorded for
each slope height and angle decrease. The analysis results indicated that decreasing slope angle increases the
factor of safety nearly linearly while a decrease in height increases the factor of safety at a parabolic rate. Slope
height decrease increased the factor of safety at a higher rate for the clay soil while slope angle decrease increased
factor of safety at a higher rate for sandy soil compared to the other types of soils considered. The toe slide was
observed in clayey and sandy clay soils at higher slopes while the base slide was observed at slopes whose height
is less than 2 m. The slope slide was dominant on sandy soil at different slope heights and slope angles.

Conclusions: While the factor of safety of slopes had increased with slope height and angle decrease, the rate of
increases and thus the efficiencies are different which depended on the type of soil and geometry of slope. The
shape of failure also changed which might increase the sliding mass of soil. This can be risky if slope failure occurs
due to unforeseen events. Using the slope height and angle decrease methods for slope stabilization should be
thoroughly investigated to choose the most efficient method and also should be checked not to increase the
sliding mass of soil for a possible slope failure.
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1 Background

Slope stability problems are quite common and wide-
spread in many civil engineering projects. Slope stability
problems are particularly encountered in large and im-
portant projects including dams, highways, and tunnels
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[1]. Slope stability problems can cause very devastating
social and economical losses [2]. Cuts, fills, dams, and
road embankments require slope stability analysis for
the safety of humans and property. Adequate inspection
and solution should be provided for slopes to alleviate
potentially catastrophic failure. There are different tech-
niques for stabilizing slopes. Decreasing slope height and
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angle are geometric methods of ensuring the safety of
slopes by minimizing the risk of failure.

1.1 Slope stability analysis

Slope stability analysis is one of the most important sub-
jects in geotechnical engineering [3, 4]. Slope failures de-
pend on the slope geometry, soil type, soil stratification,
groundwater, and seepage. Calculating factor of safety is
the general usual procedure in slope stability analysis
[2]. There are different methods of slope stability ana-
lysis and calculating factor of safety. In limit equilibrium,
Factor of Safety (FoS) is calculated as the ratio of shear
strength of the soil (zf) to the mobilized shear (rm) at
failure surface as given in Eq. 1.

f

Different authors developed different techniques of
calculating factor of safety including computer-based fi-
nite element analysis techniques. At present time, no
single one of the analysis methods is preferred over
others and the reliability of any solution is completely
left to the engineer in charge [5]. On hand calculations,
the usual problem engineers’ face is to locate the critical
slip surface. There are some procedures recommended
by different scholars to locate the critical slip surface.
Some of the early works include grid counter methods
[6], Siegel’s method for non-homogenous slopes with a
weak layer [7], and Carter’s method for non-circular
slips using Fibonacci sequence [8]. Recent developments
include genetic algorithms [9], simple genetic algorithm
[10], leapfrog algorithm [11], annealing algorithm [12],
and more. However, many engineers usually prefer to
use their experience to locate the critical surface and
precede trial and error procedure until the minimum
critical surface is determined.

1.2 Finite element analysis

Nowadays, with the aid of software packages, slope sta-
bility analysis is carried out much more easily through
mathematical modeling. Mathematical modeling has
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been used in a wide range of disciplines including social
science, medicine, and engineering to predict some nat-
ural behaviors [13—16]. The use of mathematical model-
ing in civil engineering is currently prominent in almost
all design and analysis works.

In finite element analysis of slopes through numerical
modeling, prior assumption of the critical surface is not
necessary, unlike the hand calculation. The finite elem-
ent method of calculating the factor of safety is based on
the strength reduction method. In this method, also
called the phi-c-reduction method, the strength parame-
ters of the soil are simultaneously reduced until failure
occurs. The factor of safety is then calculated as the ratio
between the actual strength parameters, C and ¢, of the
soil and the critical parameters. If shear strength param-
eters at failure are C, and ¢,, the factor of safety, (FoS)
is defined as [17];

_ tanp  C
 tangr Cr

(2)

The method has been used by different authors and is
incorporated in different commercial softwares of slope
analysis [18—20]. The phi-c-reduction method is based
on the Mohr-Coulomb failure criterion. The definition
of the factor of safety in the strength reduction method
is exactly the same as in the limit equilibrium method
[15]. Researches indicate that the results of limit equilib-
rium and finite element analysis are the same [21]. Gen-
erally, however, limit equilibrium methods give slightly
conservative results [22].

The effect of soil strength parameters on the factor of
safety and location of slip surface has been studied a
number of times. Lin and Cao discussed the relation be-
tween soil unit weight, cohesion, angle of friction, and
slope height and their effect on the location of the crit-
ical surface [23]. The paper discussed that as A (the ratio
of cohesion to the product of unit weight (y), slope
height (H), and tan of the angle of friction (¢)) is con-
stant; the location of the critical surface remains the
same. The paper indicated greater lambda value indi-
cates a deeper failure surface.

Fig. 1 Types of slope failure a base slide, b toe slide, and ¢ slope slide




Shiferaw Beni-Suef University Journal of Basic and Applied Sciences

C

B yHtang 3)

The American Society of Civil Engineers has established
principles of sustainability in Policy 418. The policy calls
civil engineers to “Do the Right Project; Do the Project
Right; Perform Life Cycle Assessment from Planning to
Reuse; Use Resources Wisely; Plan for Resiliency and Val-
idate Application of Principles.” [24]. This emphasizes the
requirement for thorough study of safety of projects. Slope
stability can be improved by changing the slope geometry
and adding support structures to reinforce the slope. The
factor of safety of slopes can be increased by decreasing
the slope angle and/or slope height. However, the increase
in the factor of safety in slopes by decreasing slope angle
and/or slope height can depend on the type of soil. More-
over, the efficiency in increasing the factor of safety using
either of the methods can depend on the type of soil. For
some types of soils, decreasing slope angle may be more
efficient than decreasing the slope height and for other
types of soils, the reverse may hold true. In addition, the
increase in factor of safety using slope angle and/or slope
height decrease can change the failure surface of possible
slope failure thereby changing the failure mass. This might
increase the failing mass of soil in a possible slope failure
due to unforeseen events. Thus, thorough understanding
and analysis is required to use an efficient and adequate
method of slope stability procedure to ensure safety. This
paper discusses the influence of slope height and angle on
the factor of safety of slope and mode of slope failure
based on strength reduction method.

2 Methods

A slope stability analysis typically considers slope geom-
etry, soil mechanical properties, and groundwater condi-
tions to determine the factor of safety [25]. This
emphasizes the importance of slope geometry in the
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Table 1 soil properties
Sandy-Clay Clayey Sandy

Saturated unit weight (kN/m?) 18 20 20
Unit weight (kN/m?) 16 18 18
Cohesion (kPa) 5 15 2
Angle of friction (degree) 25 26 33
Young's modulus(kPa) 10000 10000 15000
Poisson’s ratio 035 04 033
Dilatancy angle 0 0 0

determination of slope factor of safety. Slope stability
analysis methods can be broadly classified as limit equi-
librium and finite element analysis. Limit equilibrium
analysis procedure follows locating a trial slip surface
and estimate the factor of safety comparing the resisting
force to the driving force. It is a trial and error proced-
ure where slip surfaces are assumed until the minimum
factor of safety is reached. On the other hand, finite
element analysis does not require trial critical surfaces to
calculate factor of safety. Using phi-c reduction methods,
the factor of safety can be easily determined. In this
study, a finite element-based software, Plaxis-2d version
8 is used to calculate factor of safety of different slope
models whose soil height and slope are varied systemat-
ically to study their effect on the factor of safety and
critical surface. The estimated factor of safety is studied
in relation to the parameters.

Numerical analysis results are usually displayed in the
form of figures and tables. The power of the shape-
preserving interpolation technique used in the applica-
tion software is an important parameter for achieving
smooth visual or graphical representation of data [26].
In computer-aided designs, geometric shapes are related
to the mathematical representations that satisfy approxi-
mation and interpolation properties of curves and
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Fig. 2 Height decrease model
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Fig. 3 Slope decrease model

surfaces [27]. Shape preservation is very important in
geometric modeling and visualization [28, 29]. Subdiv-
ision scheme is the technique of generating curves and
surfaces by iterative refinement of initial control poly-
gon/mesh accordingly some refinement rules.

2.1 Types of slope failure

Slope failure can be translational slide, rotational slide,
and flow. The rotational slide is common in fine-grained
and homogeneous soils. The rotational slide has three
types as shown in Fig. 1. The base slide occurs when
slope failures occur over an arc inclosing the whole
slope. The toe slide occurs when the failure arch passes
through the toe of the slope. The slope slide occurs
when the failure occurs on the slope.

2.2 Slope stabilization methods

There are different methods of slope stabilization.
Broms and Wong [30] identified the different
methods as geometric and structural. Geometric
methods involve decreasing slope angle from steep to
a gentler slope to increase the stability of slope. In
addition, the angle can also be supported by grass
bonding together with the soil. Decreasing the height
of slope can also be used so that the gravitation driv-
ing load will be decreased. One cause of slope failure
is saturation and pore water pressure build-up in the
subsoil. The chances of building up pore water pres-
sure and saturation of subsoil can be minimized by
providing proper drainage. This method is used in
combination with geometric methods. The other
method of slope stabilizing is retaining Structure. This
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Fig. 4 Slope height and angle decrease model
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Fig. 5 Finite element mesh

method uses retaining structure to resist the down-
ward forces of the soil mass.

2.3 Numerical modeling and soil property

In this study, the three types of slope soils are modeled
in Plaxis. The three types of soils are sandy-clay, clayey,
and sandy soils as given in Table 1. Those types of soils

are considered to model different types of soil shear
strengths.

Three slope models are created in Plaxis-2D. The
first model is where the slope height is decreased
gradually from 12 m in height to 1m in height at 1
m interval. The second model is where the slope
angle is decreased systematically by increasing the
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Fig. 6 Deformation for sandy clay soil (toe slide)
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horizontal length keeping the height constant of 12
m. The third model is where the slope height and
angle are simultaneously decreased. The models are
given in Figs. 2, 3, and 4, respectively.

A plane strain model with a triangular 15-node
medium coarse mesh element is used in the analysis as
shown in Fig. 5. The water table is taken below the bot-
tom level considered.

3 Results

3.1 Deformation

The mode of slope failure depends on the type of soil
and slope geometry among other factors. For a slope of
12 m high and 3V:5H slope, the critical surface passes
through the toe of the slope for the clayey and sandy
clay soils while for the sandy soil, it passes through the
slope as shown in Figs. 6, 7, and 8, respectively. The
modes of slope failure for the three types of soils consid-
ered changes with the height of the slopes. The different
modes of the slope failures as the slope height and angle
change are summarized in Tables 2 and 3.

3.2 Slope height and factor of safety

The first analysis to determine the factor of safety is
done by decreasing slope height from 12 m to 1 m grad-
ually at 1m interval keeping other parameters constant.
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The factor of safety increases as the slope height de-
creases as shown in Table 4 for the three types of soils
considered. The correlation coefficient r indicates a
strong opposite relationship between slope height and
factor of safety.

3.3 Slope angle and factor of safety

The second analysis procedure is done by varying the
slope angle gradually keeping the height of the slope,
the soil parameters, and the water level constant. The
factor of safety increases as the slope angle decreases as
shown in Table 5.

3.4 Slope height and angle

The third analysis model is carried out by decreasing the
slope height and angle simultaneously keeping the soil
parameter constant. Only one type of soil, sandy clay
soil, is considered in this analysis. The calculated factor
of safety for different slope heights is given in Table 6.

4 Discussion

4.1 Effect of mesh arrangement and calculation steps

The mesh arrangement (Fig. 9) and calculation steps
can induce small differences in the calculated results
of the factor of safety. For example, comparing the
height model and slope mode for the sandy clay soil,
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Fig. 7 Deformation for clayey soil (toe slide)
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J
Table 2 Mode of failure based on height Table 3 mode of failure based on slope
ﬁlec:gﬁt Mode of failure . Viode of falura
(m) Sandy-clay Clayey Sandy Sandy-Clay Clayey Sandy
12 Toe Toe Slope 36.87 Slope Toe Base
11 Toe Toe Slope 33.69 Slope Toe Slope
10 Toe Toe Slope 30.96 Slope Toe Slope
9 Toe Toe Slope 2861 Slope Toe Slope
8 Toe Toe Slope 26.56 Slope Toe Slope
7 Toe Toe Slope 24.78 Toe Toe Slope
6 Toe Toe Slope 23.20 Toe Toe Slope
5 Toe Toe Slope 21.80 Toe Toe Slope
4 Toe Base Slope 20.56 Toe Toe Slope
3 Toe Base Toe 19.44 Toe Toe Slope
2 Base Base Toe 1843 Toe Base Slope
1 Base Base Toe 17.53 Toe Base slope
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Table 4 Slope height and factor of safety
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Table 6 Slope angle, height, and factor of safety analysis

Slope FoS Slope ht (m) H V/H (tan (a)) FoS
:‘r:i)ght Sandy-clay Clayey Sandy 12 20 06000 11510
12 11524 1.5966 12405 12 » 04800 13855
" 11665 16646 12600 12 30 04000 16028
10 11912 17165 12716 12 » 0.3429 1.8047
9 12416 18114 12056 1> 06000 12546
o . o1 13308 9 1875 04800 15019
7 13400 20128 13562 ° 225 04000 17233
6 14277 21960 14008 ° 2625 0.3429 19299
5 15545 24525 14876 © 10 06000 14433
4 16688 26667 15603 © 125 04800 17130
3 19755 32479 17141 © 1> 04000 19315
2 26099 45179 20784 © 175 0.3429 21485
1 36089 6.5499 26638 ° > 06000 1.9494
r 08287 ~08397 —08320 ° 6.25 04800 22387
3 75 0.4000 24882
3 875 03429 27344

the factors of safety calculated are 1.1524 and 1.1466,
respectively, which are 0.5% different due to mesh ar-
rangement as shown in the figure below, though all
the geometric and soil parameters are similar.

Similarly, the additional steps required to complete the
calculation can cause small differences in the calculated
factor of safety. For example, for sandy clay soil slope of
height 12 m and slope angle 3V: 5H, the factor of safety
calculated using 200 additional steps is 1.1466 while
using 30 additional steps is 1.1447 which has a 0.17% de-
viation from the earlier calculation.

Table 5 Slope angle and factor of safety

a Tan FoS

(@) Sandy-Clay Clayey Sandy
36.87 0.75 0.9231 13978 0.9096
33.69 0.667 1.0363 1.5426 1.0425
30.96 0.600 1.1466 1.6392 1.164
2861 0.545 1.2547 1.7364 1.2942
26.56 0.500 13566 1.8437 1425
24.78 0462 14393 1.9469 15616
23.2 0429 15211 20364 1.7254
21.8 0400 1.5995 2.1268 1.8564
20.56 0375 1.693 2229 1.9837
1944 0353 1.7933 2.3296 2.1049
1843 0333 1.8677 24187 22181
17.53 0316 1.9471 25094 23365
r -0.9824 -0.9787 -0.9730

4.2 The influence of slope height and slope angle on
failure mode of slopes

As described above, the slope failure mode can be base
slide, toe slide, and slope slide. The mode of failure de-
pends on the type of soil and slope geometry. As given
in Tables 4 and 5, the failure mode of the slopes changes
with slope height and slope angle.

For clay and sandy clay soils, the dominant type of
slope failure is toe slide. For sandy soil, the dominant
mode of failure is the slope slide. At lower heights, i.e.,
less than 2m height, failure mode in sandy clay and clay
soils tends to be base slide while on sandy soil and the
failure mode tends to be toe slide.

At steep slopes, sandy clay soils tend to fail under
slope slide type of failure, while at gentle slopes, the fail-
ure mode changes to toe slide. For clayey soils, the dom-
inant mode of failure is toe slide. The base slide occurs
for slopes of an angle less than 18°. The mode of failure
on sandy soil is slope failure. The base failure occurs at a
steeper slope, i.e., slope angle equal to 36.87°.

4.3 The influence of slope height

The decrease in slope height at the initial stage tends
to increase the factor of safety at a lower rate. However,
the increase in factor of safety is at a higher rate
for height decreases less than 3 meters (Fig. 10).

As shown in the figure above, for slope height of 12 m
to 3 m, the slope of the line is fairly constant and the
correlation analysis indicates there is a strong opposite
linear relation between the slope height and factor of
safety, i.e, ¥=—0.9918. At the height of 3 m, there is a
sudden change in slope of the graph slope height versus
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Fig. 9 Mesh arrangement of height model and slope model respectively
A

the factor of safety. The correlation analysis from 3 m in
height to 1 m in height gives » =-0.96018. The overall
correlation coefficient is —0.82872 that indicates that
there is a lower rate of decrease in factor of safety in the
early decreases of height, i.e, 12 m to 3 m of height.
After 3 m of slope height, the factor of safety increases
at a higher rate.

4.4 The influence of slope angle

The decrease in slope increases the factor of safety al-
most linearly. As shown in Fig. 11, the relation between
slope angle and factor of safety is approximately linear.
The correlation coefficient between slope angle and fac-
tor of safety is —0.9761. The correlation coefficient indi-
cates a strong and opposite relation between slope angle
and factor of safety for the three types of soils
considered.

4.5 Slope height and slope angle

Slope height and slope angle can be optimized to
maximize the slope factor of safety. The influence of de-
creasing slope height and angle simultaneously is studied
by calculating the factor of safety simultaneously as
given in Table 6.

As shown in Fig. 12, for slope heights less than 3m,
decreasing slope angle increases the factor of safety at a
higher rate than for slopes higher than 3 m. The slope of
the graph of slope angle versus the factor of safety for 3-
m high slope is 3 while for 6-m, 9-m, and 12-m high
slopes, it is 2.69, 2.59, and 2.5, respectively. Thus, for
smaller height slopes, decreasing the slope angle in-
creases the factor of safety at a higher rate.

Similarly, at smaller slopes, decreasing the height in-
creases the factor of safety at a higher rate compared to
stepper slopes. Figure 13 shows the variation of the fac-
tor of safety with height at different slope angles.

5 Conclusion

Based on the analysis results, the failure mode for the
three types of soils is found to depend on slope height
and angle. For clay and sandy clay soils, the dominant
type of slope failure is toe slide. For sandy soil, the dom-
inant mode of failure is the slope slide. At lower heights,
i.e, less than 2m height, the failure mode in sandy clay
and clay soils tends to be base slide while on sandy soil,
the failure mode tends to be toe slide. At steep slopes,
sandy clay soils tend to fail under slope slide type of fail-
ure, while at gentle slopes, the failure mode changes to

7 -
6 -
5 -
4 - — Sandy-clay
3 - ——Clayey
9 - Sandy
o .
0 — T ——
12 1110 9 8 7 6 5 4 3 2 1
Fig. 10 Slope height decrease versus FoS
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Fig. 12 Slope angle decrease versus FoS for different slope heights
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toe slide. For clayey soils, the dominant mode of failure
is toe slide. The base slide occurs for slopes of an angle
less than 18°. The mode of failure on sandy soil is slope
failure. The base failure occurs at a steeper slope, i.e.,
slope angle equal to 36.87°.

Decreasing slope angle increases the factor of safety of
slopes nearly linearly while decreasing slope height in-
creases the factor of safety at different rates. For a par-
ticular slope, decreasing the slope angle will increase the
factor of safety more efficiently than decreasing the slope
while for another slope, decreasing height is more effi-
cient. Understanding the failure mode and influence of
geometric alteration on slope factor of safety is useful to
adopt the most efficient method to increase the stability
of slopes.
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