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Failure mechanism of a soil slope and stabilization method: a case study
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Abstract

In this study, the slope stability problem, which occurred when the projected excavation works of a treatment plant has been
started, has been examined. The aim of this study is to determine the conditions causing the slope failure and to make the slope
stable again. Then, to ensure the stability of the whole slope after all the excavations work in the project area have been
completed. For this purpose, firstly, the topographic features of the slope where the failure took place were determined and a
model of the failure condition was created. Field and laboratory studies were used to obtain the data to be used in slope modeling.
Models reflecting the current situation were analyzed considering static and dynamic conditions and a safe slope design was
created. The analyzes are carried out by Slide V.6.0. software which is based on limit equilibrium methods and Bishop Method
was preferred. As a result, it was determined that the reason of the failure occurred was the change of the soil’s physical and
mechanical parameters due to precipitation. In the slope stability problem considered, the benching method has been proposed
as an improvement method, and additionally, suggestions have been made for the disposal of surface waters by drainage methods.

Keywords: Limit equilibrium, Slide, Slope stability.

Ozet

Bu ¢aligmada bir aritma tesisinin projelendirilmis kazi ¢aligmalarina baslandiginda olusan sev stabilitesi problemi incelenmistir.
Bu galismanin amaci, sev duraysizligina neden olan kosullari belirlemek ve sevi tekrar durayli hale getirmektir. Daha sonra proje
alanindaki tim kazi ¢aligmalari tamamlandiktan sonra tiim sevin stabilitesini saglamaktir. Bu amagla oncelikle duraysizligin
meydana geldigi sevin topografik 6zellikleri belirlenmis ve duraysizlik durumunun bir modeli olusturulmustur. Sev modellemede
kullanilacak verilerin elde edilmesi i¢in arazi ve laboratuvar ¢alismalarindan yararlanilmistir. Mevcut durumu yansitan modeller
statik ve dinamik kosullar dikkate alinarak analiz edilerek giivenli bir sev tasarimi olusturulmustur. Analizler limit denge
yontemlerine dayali Slide V.6.0 paket programi ile gergeklestirilmistir ve Bishop Metodu tercih edilmistir. Sonug¢ olarak,
meydana gelen duraysizligin nedeninin yagis nedeniyle zeminin fiziksel ve mekanik parametrelerinin degismesi oldugu tespit
edilmistir. Ele alinan gev stabilitesi probleminde iyilestirme yontemi olarak basamaklama ydntemi Onerilmis ve ayrica yiizey
sularinin drenaj yontemleriyle bertarafi i¢in 6nerilerde bulunulmustur.

Anahtar kelimeler: Limit denge, Slide, Sev stabilitesi.

1. Introduction

After floods, storms, and earthquakes landslides take the fourth place in the fatal natural disasters. Beside its comprehensive
coverage, high frequency, and incredible destructive power [1] landslides cause significant casualties and property damage
every year around the world [2 - 4]. It is possible to define two types of slopes as natural and constructed. The fact that
slopes are natural or constructed does not lead slopes to stable conditions. As a result of exceeding the shear strength of
the soil, a failure occurs on the slope. The shear stresses that occur along the force action surface causing this failure are
determined and compared in terms of the shear strength parameters of the soil. Calculations performed using these
parameters are called slope stability analyses [5].
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The failure of slopes gives information about the soil and conditions at the time of failure. By performing back analyzes,
the strength parameters of the soils in the study areas, the state of the groundwater and the failure model are tried to be
understood [6]. As a result of these analyzes, the process of determining the failure status of a slope, the soil conditions at
the time of failure and the appropriate sliding model for the situation is called back-analysis [7].

For the analysis performed at the moment of failure, the soil strength parameters and pore water pressure parameters at
this moment should be taken as a basis [8]. For back analysis, many researchers used both deterministic methods [9], [10
- 13] as well as probabilistic methods [14 - 16]. Discontinuities, underground and environmental waters, soil parameters,
earthquake etc. dynamic effects and slope geometry are the most important parameters controlling the stability of both
natural and constructed slopes.

Shallow and deep-seated landslides innately differ in their size, extent and the risk posed [17]. Such landslide types reflect
a variety of environmental and geological factors [18]. Separating these two landslide types is helpful for the protection
from causalities [19 - 21].

In this study, slope stability analyzes were performed using the limit equilibrium software, Slide v.06 [22]. In this study,
the cause of a failure occurred after excavation works started in a water treatment construction project area was tried to be
determined for the existing ground conditions. For the slope in the same region where no failure has occurred yet, different
analyzes were carried out and the stability of the slope was examined under the dynamic and static conditions. Then,
precautions to be taken for possible situations have been determined.

2. Material and Method

In this study, to determine the Factor of Safety value, one of several Methods of Slices is used, The Bishop Method [23].
The assumptions made regarding the interslice forces differs the approach from the Ordinary Method of slices. The Bishop
method neglects the shear interslice forces acting at the lateral sides of each slice. Bishop used three main equilibrium
equations; moment equilibrium, horizontal force equilibrium and vertical force equilibriums. The factor of safety value
for a typical circular failure surface is derived and it is assumed that the failure surface lies within a single type of soil
which behaves in accordance with the Mohr-Coulomb failure criterion [24].

In this study, Slide v.6.0 software, using Simplified Bishop Method as an option, was preferred to evaluate the failure
mechanism of the slope. The Bishop Method was preferred because it can be applied to soil and rock masses that have
gained soil characteristics by weathering. As it was stated by many researchers, in the circular surface assumptions the
given factor of safety values by Bishop Method are in good agreement with the factor of safety values of other rigorous
methods. This method is basically the same as the Swedish Method, but it takes account the force between the existing
slices so the method gives more accurate factor of safety values.

3. Slope Stability Analysis

It is desired to build a water treatment plant in the region where failure occurs. Excavations were started in this area, but
after the excavations have started, a failure occurred (Figure 1). Before seeking for the reasons of the failure the data about
the soil should be collected. In the study area is formed of Miocene-Pliocene aged Selmo Formation, first defined by Bolgi
[25]. The Selmo Formation starts with fine grained conglomerate at the bottom. It consists of cross-bedded, dough-
supported, magmatic grains, limestone, sandstone, and the matrix consists of sand and clay [26]. The Selmo Formation
bears traces of flovial deposits in its upper parts. Therefore, if the Selmo Formation is considered as a whole, it can be
named as fan deposits [27, 28].
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Figure 1. The area where the failure in the study area occurs

Before starting the analysis, the region where the failure started was evaluated within itself, then the regions where any
problem did not occur were examined in terms of possible problems and analyzes were carried out for static and dynamic
situations on the specified lines. The lines have been chosen considering the regions where the excavations will take place
(Figure 2). Topographic sections were determined by the studies carried out by survey engineers. Samples were collected
after the failure happened. As a result of the experiments performed on the samples obtained, it was determined that the
soil is CH and the unit weight of the soil is 19 kN/m?. The mean internal friction angle is 14° and the mean cohesion value
is 71.48 kN/m2. Ground acceleration values used in dynamic analyzes were selected according to the area of the parcel
where the project took place, and the PGA (peak ground acceleration) value was specified as 0.177 g (Figure 3).

3.1. Failure Mechanism

The first model (Line 1) was created by considering the excavations to be carried out in accordance with the project within
the slope surface with an average inclination of 8.5°. In the prepared cross-sections, the lower elevation of the slope was
measured as 672.5 and the upper elevation as 728 m. For the slope to be created during excavation, the sliding mass due
to the failure (Figure 2) must be removed. As a result of this, the slope to be formed was considered as a single step and
the lower elevation of this slope was given as 679 and the upper elevation as 704.50 by the survey engineers.

As aresult of the analysis, the static state safety factor for the natural slope was obtained as 1.299 (Figure 4). This indicates
that the factor of safety of the slope is sufficient for the given condition.

Considering the seismicity of the region, the same slope was remodeled under dynamic conditions and analyzes were
carried out. The PGA value of the region in which the study area is located was specified as 0.177 g (Figure 3). When the
results of the analysis are examined, the lowest safety factor for the slope is 0.998 and the structures to be built are within
the effect limits of the possible failure shown in Figure 6.
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Figure 2. Instable area red circled and studied lines (L1, L2 and L3)
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Figure 4. The minimum factor of safety (1.29) obtained for the static condition for Line-I

Figure 3. Peak Ground Acceleration (PGA) value
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Figure 5. The minimum factor of safety (0.998) obtained for the dynamic condition for Line-I

Although the failure seems to have occurred after the excavation works started, considering the factor of safety values
obtained as a result of the analyzes performed by considering the laboratory test data, it does not seem likely that any
failure problem will arise under these conditions. However, there was a failure occurred in this line. In order for the stability
to occur, changes in soil parameters (physical and mechanical) must have happened. This parameter change could only be
possible by the precipitation that occurred before the failure in that region. Many researchers [29 - 35] revealed this with
their studies in different regions. Since precipitation cannot be prevented in the region or anywhere, it is necessary to carry
out studies to increase the factor of safety value.

The variation of the factor of safety value for the same conditions was examined by reconstructing a model for the benching
process, which is one of the economical solutions that can be envisaged in order to increase the factor of safety value. For
this purpose, 6V/6H (Bench Height/Bench Width) and 4 meters of step width were modeled and analyzed (Figure 6-7).
The reason for choosing these values is to prevent possible sliding movements on slopes where mass movement does not
occur, since, in the end, the entire working area where excavation works will be performed will actually be one slope. The
analysis determined that the minimum safety factor of the slope in this state is 1.710 for the static situation and 1.063 for
the dynamic situation. It turns out that the factor of safety of the slope in the dynamic case is close to the critical limit value.
Since the dynamic conditions represent the most unfavorable conditions, the value of 1.000 to be obtained from here is
sufficient for slope safety. According to TDBY [36], for the dynamic conditions safety coefficient should be greater than
1.10, but the Sps (spectral acceleration coefficient) value is lower than the PGA (peak ground acceleration) value used in
the analyzes; thus, 1.000 for the factor of safety value is applicable.
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Figure 7. The minimum factor of safety (1.063) obtained for the dynamic condition after the benching process of Line-I.
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3.2. Suggested Stabilization Method

Line 2 was created by considering the excavations to be carried out in accordance with the project within the slope surface
with an average inclination of 8.5°. In the prepared cross-sections, the lower elevation of the slope was measured as 676
and the upper elevation as 716.5 m. The slope to be formed was considered as a single step and the lower elevation of this
slope was given as 680 and the upper elevation as 706.50 by the survey engineers.

Line 3 was created by considering the excavations to be carried out in accordance with the project within the slope surface
with an average inclination of 6.5°. In the prepared cross-sections, the lower elevation of the slope was measured as 673
and the upper elevation as 702 m.

For the two lines mentioned, analyzes were made considering the situations where the excavation works were finished.
When all the excavation works are completed, since all three lines are part of a single slope, the slope arrangements were
formed considering the 6V/6H (Bench Height/Bench Width) and 4 meters of step width. The factor of safety values
obtained from the analysis are given in Table 1.

Table 1. Results of the analysis performed considering static/dynamic conditions for both benching process and no benching process

Static Conditions Dynamic Conditions
Lines No B.P. B.P. No B.P. B.P.
Line 2 1.630 1.602 1.075 1.072
Line 3 1.623 2.078 1.176 1.426

* B.P.: Benching process

4. Conclusions

Considering the static conditions analyzes performed with the data obtained from the laboratory experiments, failure
occurred on the slope, although there should not have been any failure. When the analyzes carried out under the dynamic
conditions checked, the factor of safety value decreases below 1,000. However, there was no earthquake activity at the
time of the slope stability problem occurred. Based on the soil type (CH) forming the slopes, it is understood that there is
a change in soil parameters (physical and mechanical) and a failure happened with the effect of precipitation in the region.
During the study, other areas where the slope excavations were not completed in the project area were examined by two
different lines (Line 2-3) and included in this study in order to avoid any failure problems might have occurred in the
future. With the help of the analyzes performed within the scope of this study, models were formed for the slopes to be
created in the future. Since all lines (Line 1,2 and 3) will belong to a single slope at the end of the project, all slope
arrangements were modelled according to 6V/6H (Bench Height/Bench Width) and 4 meters of step width. For this reason,
there has been a small decrease in the safety factor value for the dynamic and static conditions in Line I, but it is a
negligible value. Apart from these precautions, covering the slope surface with shotcrete on such soils that are sensitive to
water will contribute both in terms of water removal and stability. For situations or regions where water removal is thought
to be ineffective, support structures such as retaining walls should be applied to the toe of the slopes formed.
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