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ABSTRACT: The stability of a soil slope, as initially estimated by design calculations, may be adversely
impacted by construction activities near the slope toe, such as excavating foundation pits. This study aims to
evaluate the impact of shallow foundation pit location on existing slope stability. The regression function
correlating the factor of safety with average horizontal strain is established to analyze this influence. Numerical
simulations of homogeneous slopes using Plaxis 2D software, employing the strength reduction method (SRM),
are conducted to determine the horizontal deformation field and factor of safety. From 22 numerical test data, a
regression function of the factor of safety and average horizontal strain has been built. The results indicated that
only at a distance of less than 2m from the toe of the slope to the excavation edge, the presence of excavation
reduces the overall stability of the existing slope. Additionally, for slopes with different heights but similar slope
angles and physico-mechanical characteristics, excavations at the same distance from the toe, there is a
correlation between the average horizontal strain and the factor of safety. Therefore, establishing the regression
function is the basis for giving the level of landslide warning for the existing slopes when one has the
measurement of the horizontal strain of the slope.

Keywords: Slope, Horizontal strain, Strength reduction method, Factor of safety (FS).

1. INTRODUCTION systems utilized in design [3], large-scale
experiments have been conducted to assess the
Landslides are incidents in a geotechnical field strength of the sliding surface during landslide
that occur due to the displacement of soil layers at movement to estimate the factor of stability of slope
the ground surface or underneath. According to a [4]. The rapid development of various monitoring
summary of SafeLand [1], Europe is the region with techniques brings new sensing and monitoring
the second highest number of deaths and highest techniques, such as fiber optic sensing technology
economic losses from landslides compared to other (Fig.1) [5,6,7], micro-electromechanical systems [8],
continents in the 20th century, with an estimated and satellite remote sensing technologies [9] into the
16,000 people dead by landslides. Furthermore, the area of geological and geotechnical monitoring field.
number of people affected by landslides is much These technologies have greatly improved both the
larger than reported. Along with climate change, accuracy and scope of monitoring.
landslides are also one of the major concerns of To reduce risks due to slope instability, the
Governments in issuing warnings and remedial development of early warning systems based on
measures.  Landslides are natural disasters that measured data from the slope has been researched
commonly occur in Vietnam [2]. Vietnam's terrain and deployed to establish necessary warning levels
occupies three-quarters of the territory, so the [10, 11]. Besides, the rate of change in groundwater
constructions are often adjacent to hills and levels can impact slope stability [12]. Therefore,
mountainsides. Thus, the neighboring construction remote monitoring systems to detect the surface tilt
has interfered with the natural slope. It tends to angles of slopes, ground surface deformation
destabilize the slope, such as digging the foot of the combined with rainfall measurements, water content,
slope, but does not have effective measures of and changes in groundwater levels in slopes are also
reinforcement of the slopes. In addition to the of research interest [13,14,15].
increasing influence of climate change (heavy and Many previous studies have focused on the
prolonged rainfall), the risk of landslides occurring determination of the correlation between these
is greater and more serious. Therefore, the detection measured parameters and the factor of safety, such
of landslide risk and early warning about it to as the correlations between different soil parameters
minimize damages is necessary and could be an and the factor of safety of slope, using regression
economical solution in the current conditions. analysis [16]. Besides, the different regression
Alongside the development of science and functions are proposed to indicate the dependence of
technology, the soil monitoring and data collection the stability coefficient of the slope on its horizontal
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displacements [17,18]. However, the studies have
not yet considered the presence of shallow
excavation near the toe of the slope, which can
affect its stability.

The present paper aims at evaluating the effects
of the location of shallow excavation on the stability
of the existing slope as well as proposing a
regression function showing the correlation between
the factor of safety and its average horizontal
displacement.

Fig.1 Slope monitoring with fiber optic sensing

In the following part of the article, the authors
will present the research significance and
evaluations of the sliding stability coefficient of the
slopes with and without shallow excavations in the
vicinity of the slope toe and in correlation with the
horizontal deformation of the slope.

2. RESEARCH SIGNIFICANCE

The neighboring construction activities can
impact the stability of the slope, particularly due to
shallow excavations near the slope toe. This
overlooked factor in the design process significantly
influences slope stability but has not been
adequately addressed in previous studies. This study
aims to establish a theoretical foundation for
evaluating the stability of existing slopes, taking into
account the detrimental effect of shallow
excavations at the slope toe, based on data from
horizontal strain monitoring. Numerical tests are
conducted to assess the impact of the shallow
excavation's position on slope stability. The findings
of this investigation offer valuable insights into
potential risks posed by human activities to existing
slopes.

3. SLOPE STABILITY COEFFICIENT
DETERMINATION UNDER LOAD

To determine the factor of safety, it is possible to
use analytical methods, such as Fellenius's classical
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method and Bishop's method, or numerical methods
such as the finite element method or finite difference
method, etc. Numerical methods prove to have many
advantages when the slope is composed of many
different soil types and/or with complex boundary
conditions. In this study, a factor of safety is
determined by a numerical approach based on the
finite element method.

4. SLOPE WITHOUT SHALLOW
EXCAVATION IN THE VICINITY OF THE
SLOPE TOE

4.1 Geometry And Mesure Of Meshing

The geometry model of the problem is illustrated
in Fig.2 in which the slope height H=10m and the
slope angle p=45°.

The plan deformation triangular finite elements of 6
nodes are chosen in the geotechnical software Plaxis
2D. The boundary conditions of the problem are as
follows. The bottom edge of the model is presented on
displacements in both horizontal and vertical directions
whilst the left and right lateral edges of the model are
presented on horizontal displacements. The surface of
the slope is freely deformed.

The soil behavior obeys the Mohr-Coulomb model
with the parameters shown in (Table 1).

Table 1 Physico-mechanical characteristics of soil [17]

Angle
. . Adhesive of
Unit Deformation X .
. Poisson  strength, internal
weight modulus E . o
ratio C friction,
(KN/m?) (KN/m?)
(KN/m?) o)
(degree)
20 100 000 0.33 12.50 25

In the finite element method, the meshing greatly
affects the calculated results. With respect to the
same slope, different meshing methods, such as
coarse meshing or fine meshing, will result in
different deformation and stability coefficients.
Quadrilateral element mesh is often done in FLAC
and ABAQUS software [17,19,20].

In Plaxis 2D software, the finite elements used
are triangular elements. The disadvantage of
choosing the triangular element is that the obtained
results would have a large error if the size of
elements is large, in comparison with the
quadrilateral elements. Therefore, it is necessary to
choose an appropriate meshing method so that the
results of the problem most closely reflect the
working of the slope. In this study, to obtain the
most accurate results, predefined lines are used to
generate finite elements (Fig.2). The software Plaxis
2D then divides each quadrilateral into two
triangular elements that are compatible with the
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finite element defined in the software. This is a
measure to overcome the disadvantages of automatic
meshing, which generates large triangular elements
in the slope body and thereby leads to larger errors
in calculation results. Fig.2 and Fig.3 show the
quadrilateral grids and finite element grids that were
generated on these grid cells, respectively.

In this study, the calculation of the overall
sliding stability of the slope is performed by the

strength reduction method SRM (Strength Reduction
Method) [17].

In Table 2 and Figs. 4-6, the dependence of the
output results (maximum shear strain and sliding
stability coefficient) on the finite element meshing
measure is clarified.

Table 2 Comparison of calculation results by different types of element meshing

N Meshing measure Element fineness ) Number of O\{e(all coef‘.fifzient of Maximum shear
triangle elements sliding stability, FS deformation (ue)

1 Automatic meshing (Plaxis 2D) very coarse 48 1.164 90.0

2 Automatic meshing (Plaxis 2D) coarse 107 1.147 1104

3 Automatic meshing (Plaxis 2D) medium 177 1.135 155.9

4 Automatic meshing (Plaxis 2D) fine 408 1.129 156.70

5 Automatic meshing (Plaxis 2D) very fine 728 1.110 232.50

Meshing on the basis of the
6 preformed quadrilateral grid 3552 1.068 350.00

(Plaxis 2D)
7 Quadrilateral meshing (FLAC), [17]

1776 (=3552/2)

1.061 350.00
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Fig.2 Quadrilateral cells were established
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Fig.4 Contours of shear strain with automatic meshing  Fig.5 Contours of shear strain with automatic meshing
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in Plaxis 2D (very fine)
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Fig.6 Contours of shear strain with finite element
mesh based on the basis of the original quadrilateral
cells

From the above results, some comments can be
made:

- As predicted, the coarser mesh, the larger the
stability coefficient and the smaller the strain;

- The use of automatic meshing and very fine
meshing in Plaxis 2D has not yet achieved the
desired results. In order to achieve good results, in
the case of this problem, the geometry model is
divided into the quadrilateral grid and then the
meshing is generated based on this quadrilateral grid.

4.2 Changes In Horizontal Deformations And
Stability Coefficient

In this part, the change of load intensity from 5
kPa to 35.5kPa acting on the slope surface with
loading range b=5m are investigated.
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Fig.7 Contours of horizontal strain with surface load
p=5 kPa (exx"™=87.28 pne; FS=1.10)
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Fig.8 Contours of horizontal strain with surface load
p=10 kPa (ex™*=169.30 pe; FS=1.085)
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Fig.9 Contours of horizontal strain with surface load
p=25 kPa (ex™™=745.10 pe; FS=1.022)
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Fig.10 Contours of horizontal strain with surface
load p=35.5 kPa (ex™*=7823p¢; FS=1.006)
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Fig.11 Calculation of slope stability according to

The results show that (see Fig.7 to Fig.11):

- As expected, the higher the load, the greater the
lateral deformation and the lower the coefficient of
stability;

- Horizontal strain increases suddenly when the
slope is in a state of near instability (FS~1.00);

- If the load is increased, the locus of the
maximum horizontal strain points develops upward
from the foot of the slope. When the unstable state is
nearly reached, the locus of the maximum horizontal
strain points forms a sliding arc that develops from
the toe to the top of the slope, with the form closed
to the sliding arc determined by the Bishop limit
equilibrium method.

Bishop method with surface load p=35.5 kPa

5. SLOPE WITH SHALLOW EXCAVATION
IN THE VICINITY OF THE SLOPE TOE

5.1 Analysis Of The Influence Of Closely Located
Excavation On Slope Stability

In this part, the influence of shallow excavation
on the slope stability is investigated. Dimensions of
the trapezoidal excavation are chosen as follows
(Fig.12): the excavation bottom width b=3m; the
excavation crater width B=8m; the excavation depth
h=2.5m. The distance from excavation edge to the
slope toe changes in range of L=0+3.0m [21]. With
regard the slope, two heights of slope are taken into
account, H=8m and H=10m.

Fig12 Slope with the shallow excavation in the vicinity
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Fig.13 Correlation factor of safety and the position of the shallow excavation

Fig.13 shows the correlation between the factor
of safety and the location of excavation. It can be
observed that, at a distance inferior to 2m from the
slope toe, the excavation reduces the overall
coefficient of sliding stability of the slope.

5.2 Regression Relationship Between
Deformation And Safety In Shallow Excavation

The correlation between the factor of safety and
the average lateral deformation of the slope,
regardless of the shallow excavation at the slope toe,
is shown below [17].

FS=a.g,*+c (1)

where a,b, and ¢ are constants, and & is the mean
horizontal deformation of the slope.

As presented above, with a distance less than 2m
from the excavation edge to the slope toe, FS

value is influenced by the presence of the
excavation. Therefore, in order to evaluate effect of
the shallow excavation on the slope stability, the
distance from the excavation edge to the slope toe
L=1m is choosed. Three heights of the slope, H=6m,
H=8m and H=10m, are taken in account. The other
parameters of the slope and the soil are chosen as
previous parts. On the slope surface, the load is
distributed in the width range of b=H/2; the load
value increases until the factor of safety is
approximately 1.00.

Table 3 shows a database set with 22 different
problems built to establish the correlation between
the average horizontal strain and FS value.

On the basis of the database in Table 3, the
regression function has the form of formula (1) and
uses the Solver tool in MS Excel. The regression
equation is determined as follows:

FS=3.213576633.¢,, " *"****+0.989939089
R*=0.929

eH=10m = H=8m a H=6m —Establishedregression function
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Fig.14 Correlation between stability coefficient and horizontal strain of slope
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Table 3 The database were built to establish the correlation between the average horizontal strain and FS value

Geometric features Surface Load

Soil characteristics

Average
H p b p Y E o c horizontal strain FS
m degree m KN/m? KN/m®  MN/m?  degree kN/m? o (1)
1 10 45 5 5 20 100 25 125 77.50 1.036
2 10 45 5 10 20 100 25 125 107.43 1.034
3 10 45 5 15 20 100 25 125 148.97 1.026
4 10 45 5 20 20 100 25 125 245.90 0.996
5 10 45 5 25 20 100 25 125 510.03 0.991
6 8 45 4 5 20 100 25 12,5 24.08 1.148
7 8 45 4 10 20 100 25 125 34.16 1.129
8 8 45 4 15 20 100 25 125 44.37 1.112
9 8 45 4 20 20 100 25 125 56.93 1.095
10 8 45 4 25 20 100 25 12,5 67.65 1.076
11 8 45 4 30 20 100 25 125 83.24 1.068
12 8 45 4 35 20 100 25 125 100.01 1.039
13 8 45 4 40 20 100 25 125 129.43 1.024
14 8 45 4 45 20 100 25 12,5 675.38 1.008
15 6 45 3 5 20 100 25 125 16.66 1.279
16 6 45 3 10 20 100 25 125 28.50 1.250
17 6 45 3 35 20 100 25 125 88.95 1.130
18 6 45 3 40 20 100 25 12,5 101.10 1.109
19 6 45 3 50 20 100 25 125 140.00 1.069
20 6 45 3 60 20 100 25 125 206.96 1.037
21 6 45 3 70 20 100 25 125 380.56 1.024
22 6 45 3 80 20 100 25 12,5 1219.74 0.977

Fig.14 shows that there is a clear correlation
between the average horizontal strain and the
stability coefficient. Based on the data of 22
numerical tests, a regression function of slope safety
coefficient and average horizontal strain has been
built with an accuracy of R?=0.929. With respect to
the regression function established, the following
comments can be made:

- The smaller the average horizontal strain, the
higher the stability coefficient and vice versa;

- When the horizontal strain is large, the
regression function graph is asymptotic to the line
FS=0.989939089;

- This regression function is the basis for giving
the level of landslide warning for the existing slopes
when one measures the horizontal strain of the slope.

6. CONCLUSION

Based on numerical simulations of the
homogeneous slope using Plaxis 2D software to
determine the horizontal deformation field and the
overall sliding coefficient according to the intensity
reduction method (SRM), some conclusions are
given as follows:
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- The deformation field and FS value depend on
the meshing measure, and thus, it is necessary to
choose an appropriate meshing. In this study, the
software Plaxis 2D are used to generate mesh based
on the preformed quadrilateral grid in the geometric
model of the problem;

- If the load on the slope surface is increased, the
locus of the maximum horizontal strain points
develops upward from the toe of the slope. When
nearly reaching the unstable state, the locus of the
maximum horizontal strain points forms a sliding arc
that develops from the toe to the top of the slope;

- The excavation of foundation pits near the toe
of the existing slope would increase the risk of
landslides. Within the scope of this study, the results
of numerical simulations showed that only at a
distance of less than 2m from the toe of the slope to
the excavation edge, the presence of excavation
reduces the overall coefficient of sliding stability of
the existing slope;

- If the slopes have different heights but the
same slope angle and physico-mechanical properties
and have excavations at the same distance from the
toe of the slope, there is still a correlation between
the average horizontal strain and the stability
coefficient. The regression function is the basis for
giving the level of landslide warning for the existing
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slopes when one has the measurement of the
horizontal strain of the slope.
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