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Lestaw ZABUSKI!

STABILITY ANALYSIS OF THE SLOPE SUBJECTED TO
THE DYNAMIC LOADING

Summary. This paper presents the results of a stability analysis of a slope located
in the immediate vicinity of a railway line. The plans for the extension of this
railway track include the construction of another line, which would run parallel to
the existing one, within a few metres distance. It is expected that intensive goods
train traffic will generate both static and dynamic forces in the underlying subsoil.
Consequently, seismic vibrations will be generated in the subsoil, propagating
mainly not only in the horizontal direction but also in the vertical direction.
The method of seismic coefficient of the earthquake intensity determined by
a pseudo-static method and horizontal component of acceleration is appropriate and
recommended because it is simple, and the safety factor of the slope is calculated
in the same way as in conventional stability calculations.

Keywords: slope stability, landslide, pseudo-static analysis stability

1. INTRODUCTION

This paper presents the results of a stability analysis of a slope located in the immediate
vicinity of a railway line. Loading of the slope results from existing forces which are generated
by trains and seismic waves that are mostly horizontal and transmitted into the slope space.
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Dynamic load (for example, earthquake) can be also simulated by an "equivalent” static
acceleration acting on the mass of the landslide in a limit equilibrium analysis (Figure 1). Static
load exerted by the moving train in the analysed case equals 260 kN.

P x W

___ Accelerogram

ol
—> Wwﬁ‘&\wﬁfwﬂ*‘w"ﬁ R kK, x W

Fig. 1. Principles of the pseudo-static method [20]

The simplest approach to the dynamic slope stability calculation consists of pseudo-static
analysis, where the dynamic load is simulated in a limit equilibrium analysis by an "equivalent”
static acceleration acting on the landslide mass (Figure 1). The pseudo-static approach is one
of the most commonly used in current practice [4-6, 8, 17, 21] alternative procedure is known
as Newmark or cumulative displacement analysis [3, 11, 14, 18, 22, 26, 32].

Researchers have developed several calculation methods that affect seismic effects in slope
stability problems. Nevertheless, the conventional pseudo-static method is still the most
commonly used in engineering design; perhaps because of its simplicity [2, 12, 19, 20, 25, 27-
29, 33]. The method of “seismic coefficient”, which is the fraction of the Earth’s acceleration,
is proper (as it is simple), and the factor of safety of the slope can be calculated in the same way
as in the conventional stability solution. In that, no advanced analysis is necessary.

The important horizontal acceleration kx is de facto unknown so it is necessary to assume its
magnitude. Different authors determined kn in a rather arbitrary way, considering mainly
experience and studied case histories [27]. The acceleration generally depends upon the local
seismic activity, the importance of the infrastructure and the geological properties of the
medium. According to Bragato and Slejko [2], strong earthquakes in the Italian Alps caused
horizontal seismic waves equal to 0.28 g (where g is Earth acceleration equal to g = 9.81 m/s?).
For “catastrophic” earthquakes, horizontal acceleration equal to 0.5 g could be assumed [20].
Officially approved horizontal acceleration differs depending on the country. In the USA, for
example, kn = 0.05+0.15 ¢, while in Japan kn = 0.12+0.25 g. Based on Chinese
recommendations, Yang Xin Guang et al. [33] assumed kn = 0.1+0.4 g, depending on the
earthquake intensity. Seed [27] proposed kn = 0.1 for terrains in the neighbourhood of faults
generating earthquakes of magnitude 6.5 (Richter scale) and for earthquakes with magnitude
8.5, kn = 0.15. These authors determined horizontal acceleration as the product of this
acceleration and the above coefficient.

The publications described above concern mainly earthquakes. However, the effect of
seismic waves presented in the analysis is identical, although on a much smaller scale.
According to the presented considerations, both transversal and longitudinal seismic waves
dispersed in all directions from the vibrating source, including horizontal direction,
significantly load the surrounding slope and negatively influence their stability.

The influence of seismic tremors is worth mentioning for the sandstone quarry in Lipowica
near Dukla in the Low Beskid [1]. Blasting works during sandstone exploitation, and thus,
seismic vibrations probably caused the development of a very extensive landslide. This means
that most landslides can be related to human activity.
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Furthermore, earthquakes with magnitudes ranging from 2 to even 6 on the Richter scale
have been recorded in Poland. The greatest number of earthquakes were recorded in mining
areas — in Silesia and the Copper Belt (Lubin region in Lower Silesia). However, there is no
mention of damage caused by landslides, even though landslide processes, mainly in the
Carpathian Flysch, are very intensive. It can be thought that landslides caused by seismicity
were either not.

2. CHARACTERISATION OF THE REGION

The area of interest is situated in the region of the province Polish-Central Lowland, sub-
province South-Baltic Lakeland, East-Pomeranian and South-Pomeranian macro-regions and
the Kashubian Lakeland mesoregion [16, 30]. The land formed in the period of the North-Polish
(Vistula) glaciation by the accumulative activity of the continental glacier and melting water.
This region constitutes a part of a morainic uplift with extensive outflow fans. The relief of the
terrain is diversified and hummocky, and its maximum altitude is 328 m a.s.l. (Wiezyca Mount).
The outflow areas are plain and, in some areas, form depressions. Glacial throughs, where lakes
have developed, for example, Dabrowskie, Patulskie and Ostrzyckie (Figure 2), are
characterized by steep ridges.
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Fig. 2. Location of the test site

No landslides have been recently recorded in the neighbourhood of the tested site, despite
this region being considered likely to generate such movements. It is mostly formed as steep
scarps of lake shores and larger depressions. These types of terrains can also come in the forms
of outwash plains and rivers or slopes of glacier uplifts or denudations.
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The foundation soils have diverse properties and include non-cohesive, such as sand and
gravel, and cohesive (loam, clay) and organic (peat, silt) soils. The soils take various forms —
ranging from firm to soft-plastic.

Hydrogeological conditions are generally favourable. The depth of underground water
ranges from 1 m to over a dozen metres. The water table is usually suspended and exceptionally
has the character of ground superficial water, which is in hydraulic contact with deeper
underground water levels.

3. NUMERICAL MODELS AND PROCEDURE OF ANALYSIS

Numerical analysis of slope stability was performed by applying the two-dimensional
explicit Finite Difference (FD) method and using the FLAC2D software [13]. This method is a
powerful, accurate and versatile approach to the analysis, both of the stability and displacement
of slopes. Its additional advantage is that it makes no assumptions about the failure mechanism.
In contrast to the traditional “limit equilibrium” analysis, the FD method provides a full solution
to the coupled stress/displacement, equilibrium and constitutive equations [24, 34]

Most of the calculations in the analysis were based on the “strength reduction technique”
[9]. The geotechnical reconnaissance showed that the slope is dry and there is no groundwater
level. The subsoil is mainly composed of fine and medium sand. Table 1 in the calculation
model presents the parameters of soil layers.

The analysis of slope stability was performed for two cross-sections of the slope (Figure 3).
Cross-section I-1 is drawn approximately in the centre of the building below the slope base and
is limited to its immediate surroundings, including the retaining wall supporting this section
(Figure 4a). Cross-section Il-11 starts at the level of the railway line and finishes up to the lake
(Figure 4b).

Fig. 3. Location of cross-sections
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Fig. 4. Analysed cross-sections: a) I-1I; b) 11-11

Both geomechanical and numerical models are built considering the slope geometry and
geotechnical properties of the soil. The model of each cross-section is divided into specific
“elements”, that is, finite different zones (FDZ), and the numerical program calculates stress
and displacement and determines the state zone (elastic, failed), mode of failure (shear, tension),
etc., in each FD zone or nodal point of the mesh.

Figures 5a and b show the division of the slope model into specific geotechnical layers for
I-1 and 11-11, respectively. It was assumed that the lowest zone of the I1-11 cross-section is built
of the 11A layer.
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Given the unknown magnitude of the seismic wave, four variants of the ¢ inclination of the
acceleration vector were analysed (Figure 6). Angles of the inclination from the vertical,
ranging between 5% and 20% (equivalent of seismic wave ¢ realised in a pseudo-static way),
were considered.

Tab. 1
Geotechnical parameters of soils
Soil Volumetric Shear Bulk Cohe- Friction
No. unit weight | modulus | modulus sion angle
layer y G K c o
[kN/m°] [kPa] [kPa] | [kPa] [ ]
| |Fine sand, “undefined” 15.95 21154 45833 0 28.13
(uncontrolled) soil
IA | Fine sand, medium- 15.61 23846 51667 0 28.80
compacted
Il | Undefined soil, sand 16.31 23846 51667 0 28.80
medium-loose,
1A | Medium-grained sand, 18.62 91667 42308 0 32.40
medium-compacted
Il | Gravel, medium- 16.91 120833 55769 0 34.20
compacted

4. PRESENTATION AND DISCUSSION OF RESULTS

Results of calculations are presented in the form of diagrams of horizontal displacements
and zones for the considered variants of deviation of acceleration vector from the vertical. The
horizontal displacement fields generated for cross-sections I-1 and 11-11 are presented in Figures
7 and 8, respectively. The concentration of displacement zones in the two railway lines concerns
the designed tracks.

Figures 9 and 10 show the distributions of the slide concentration zones and the values of
safety factors for cross-sections I-1 and II-11, respectively. The safety factors without horizontal
acceleration (that is, o.a =0°) are slightly above 1.0, while in the other cases o <1.0; this means
that the slope is unstable.

Figure 11 presents the relationship between the slope safety factor for both cross-sections
and the deviation angle of the seismic acceleration between the vertical in the general direction
of the slope. The diagram indicates that the slope is only stable when acceleration is vertical
(that is, g = 9.81 m/s? without any exceptions and deviations) and when the ai angles differ only
slightly from the vertical; in such cases, the safety margin of the slope is very small. The
horizontal line in the diagram illustrates the limit equilibrium state, where safety factor F equals
F = 1.0. The intersection of this line with the above curves determines the limiting angles of
acceleration inclination to the vertical. These angles equal 4.1° and 2.8° for the cross-section |-
I and II-11, respectively. It corresponds to the acceleration of 0.7 m/s? and 0.47 m/s?,
respectively, and after multiplying by the mass of the medium (in mass unit, that is, kg), the
horizontal force exerted on the slope is obtained, influencing its stability. Moreover, additional
calculations showed that vertical acceleration has an almost negligible influence on the factor
of safety of analysed slopes.
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Fig. 5. Division of the model into layers: a) cross-section I-1; b) cross-section I1-11

9.81 m./s

o

10°

£

a=0.858 m/s w, =1.730 m/s

20

2. =357l m/s

Fig. 6. Different angles of the inclination of vector acceleration from the vertical
(equivalent of seismic wave ¢ realised in a pseudo-static way)
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Fig. 7. Horizontal displacement in cross-section I-1; angle of the inclination of acceleration
vector from vertical (Fig. 6): a) 0% b) 5° ¢) 10°; d) 15°; e) 20°
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Fig. 8. Horizontal displacement in cross-section Il-11; angle of the inclination of acceleration
vector from vertical (Fig. 6): a) 0% b) 5° c¢) 10°; d) 15°; e) 20°
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5. SUMMARY AND CONCLUSIONS

The method of seismic coefficient of the earthquake intensity determined through the
pseudo-static way and horizontal component of the acceleration, that is, kn coefficient, is
appropriate and recommended as it is simple and the factor of safety can be calculated in the
same way as in conventional stability calculations. No advanced analysis is necessary, and it
significantly contributes to the improvement of seismic (dynamic) safety conditions.

The analysis carried out showed that the movement of freight trains on the projected railway
line would generate mainly horizontal seismic waves and, consequently, adverse forces in the
slope. This study also showed that even low-intensity seismic waves would have a significant
negative impact on slope stability, causing a high probability of slope failure.
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