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Abstract. Tectonic movements and vibrations of the earth cannot be con-
trolled, which causes devastating natural hazards like landslides and earthquakes
which have accounted for many lives in the previous years. The major reasons
for landslides are heavy rainfall, liquefaction, rise in pore water pressure, floods,
etc. This experimental study focuses on identifying the Critical Phreatic Level
(CPL) of different soil types for different slope geometries. Different soil types
were modeled in a tank of dimensions 2.30 x 1.00 x 1.25 m to simulate the
natural field conditions like field density, ground water flow and slope angle in
the laboratory with scaled down slopes of specific angles, based on the natural
angle of repose of the soil. Density closely resembling the natural field density
was obtained by air pluviation and a constant water inflow from an adjacent
chamber was provided to simulate groundwater flow. The slope geometry was
modeled, initial conditions were set and the phreatic level in the slope was
continuously monitored until the slope fails with considerable slope displace-
ment. The soil properties such as permeability, bulk unit weight, specific gravity
and angle of repose obtained from laboratory tests were used as input parameters
to model the slopes in PLAXIS 2D. The displacement values obtained from the
software were compared with the displacement values obtained from the
experiment, and were found to be similar, thereby validating the results.

1 Introduction

Slope of a soil mass is the gradient or angle of inclination of the soil surface from the
horizontal, with one end at a higher level and another at a lower level, also called rising
or falling of the earth surface. Formation of these sloped surfaces gives rise to different
topographical features on the earth surface, which is either natural or man-made for-
mations with varying slope geometries. These slopes collapse when adverse conditions
act upon it. Stability of the soil is its potential to withstand and restrict movement.
Under equilibrium conditions the soil slope is acted upon by driving forces and
resisting forces, where the driving force is the action of gravity and seepage forces if
any, which is resisted by the shear strength of the soil. Soil stability can be defined as
the balance of Shear Stress and Shear Strength of the soil, beyond which it fails. Soil
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failure is defined as the movement of the soil, which is classified into (i) falls (ii) slides
and (iii) flows. This phenomenon is influenced by rainfall (Kim et al. 2004; Rahardjo
et al. 2005), earthquake (Bray and Travasarou 2007; Hack et al. 2007), pore water
pressure (Rinaldi et al. 2004; Smethurst et al. 2006), seepage (Ng and Shi 1998) and
surcharge loading (Zhu et al. 2014). Main causes of slope failures are rainfall (Rahimi
et al. 2011), Earthquakes (Wilson and Keefer 1984), Seepage (Gasmo et al. 2000),
Surcharge load (Sazzad and Haque 2014) and Erosion (Vandamme and Zou 2013). It is
vital to understand the characteristics and behavior of soil in a sloped region. Analysis
on soil slopes are therefore done to:

e Understand the formation and development of different failures of soil slope and the
processes which are responsible for it (Simon et al. 1990),

e Study and monitor the stability of slopes along different scales of time under various
conditions,

e Study the soil failure mechanism, type and the environmental factors responsible for
the failure,

e Predict the possibility of slope failure for both natural and engineered slopes (Chen
and Lee 2003; Saygili and Rathje 2008).

Various analyses are repeatedly performed in order to understand the functional
behavior of soil slopes. The prevailing site conditions and the potential mode of failure
are considered to be the main factors to be analyzed. The objective of this study is to
perform a slope stability analysis on a laboratory scale soil. Natural slopes of varying
geometries are scaled down and modeled in a tank of dimensions 2.30 x 1.00

1.25 m. Seepage pressure is induced in the soil mass by promoting a constant inflow
rate from an adjacent chamber (Ramkrishnan et al. 2017). The Critical Phreatic Level
(the top flow line of a soil mass below which seepage takes place at which the soil fails)
for different slope geometries and soil types are found. The experimental results,
mainly the CPL for all slope geometries, were analytically modeled using PLAXIS to
validate the displacement values obtained from the experimental analysis.

2 Literature Review

Slope failure occurs when the downward movement of soil particles due to gravity and
shear stresses exceeds the ultimate shear strength of the soil. The factors that tend to
increase the shear stresses or decrease the shear strength increase the chances of failure
of a slope. The predominant causes for slope failure are gravity driven groundwater
flow, soil topography, effective stresses (Iverson and Reid 1992) etc. Soil topography
influences the gravity-driven groundwater flow and the consequent distribution of
effective stress, which in turn influences the potential for slope failure. Stability of the
slope also depends up on the permeability of the soil as found by Pradel and Raad
(1993). Results have shown that reduction in permeability increases the probability of
slope saturation, creating the potential for slope failure to occur. Seepage erosion
causes liquefaction and rapid slope failures (Crosta and Prisco 1999). The shear
strength of the soil can be influenced by transient seepage as stated by Ng and Shi
(1998). They concluded that increasing ground water levels result in the decrease of
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shear strength. It has been observed that groundwater levels rise due to rainfall and
antecedent rainfalls have significant influence on the stability of the slope. The effect of
transient seepage in an unsaturated soil slope increases the moisture content and soil
permeability leading to slope failure (Lam et al. 1987). Soil-water characteristics are
strongly dependent on the confining stress which also plays a major role in slope failure
(Ng and Pang 2000).

The relative density of the soil sample depends on drop height, particle size of the
soil, impact energy, and the impact velocity (Vaid and Negussey 1984). Pluviation
can either be air pluviation or water pluviation (Vaid 1984). The relative density
achieved through air pluviation depends on the drop height, uniformity of the sand
rain, deposition intensity and the average size of the particle (Kolbuszewski 1948;
Kolbuszewski and Jones 1961; Butterfield and Andrawes 1970). This method is
widely adopted for preparation of large, uniform and repeated soil sample which are
not highly cohesive in nature (Dave and Dasaka 2012). Theoretical study by Vaid and
Negussey (1988) shows that impact velocity increases non-linearly with height of fall
and with increase in particle size. Also, the impact energy increases with increase in
height of fall (Kildalen and Stenhamar 1977). Maintaining a constant height of fall
and adjusting deposition index while pluviation will be more appropriate for large
scale projects (Drnevich et al. 1987; Saussus and Frost 2000; Dupla et al. 2004; Zhao
et al. 2006).

The analysis of stability and deformation in geotechnical engineering projects has
been made easy after development of a finite element package, PLAXIS 2D. PLAXIS
can be used in various areas such as, simulation of foundation excavation and support
(Wang et al. 2007), analysis of soil-structure interaction (Viggiani and Tamagnini
2000), slope stability analysis (Hammouri et al. 2008; Alamshahi and Hataf 2009), etc.
Evaluation of stability of slopes utilizes stress strain relationships which can be
incorporated using PLAXIS as stated by Aryal (2006). An accurate analysis of a slope
stability problem and the associated failure mechanism needs to consider the evolving
strains and path dependency by means of a constitutive model (Laouafa and Darve
2002). Another approach of soil modeling includes probabilistic modeling of soil
profiles which provides quantified information gathered during site investigation and
testing, subsurface conditions at a site and provides the basis for predicting perfor-
mance (Vanmarcke 1977).

3 Materials and Methodology

3.1 Materials

Soil

Three different types of soil found in and around Coimbatore region, Tamil Nadu, India
were used for this analysis. Sieve analysis was performed to determine the grain size
distribution of the 3 soil types (Fig. 1) and soil sieved through 10 mm sieve (according
to IS classification) was used for modeling the slope. Soil 1 was collected from Etti-
madai, Coimbatore and Soil 2 and Soil 3 were collected from different sites near
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Kanuvai, Coimbatore, Tamil Nadu. The three different types of soil were tested for
their basic properties like permeability, shear parameters, particle size, void ratio,
specific gravity, maximum dry density, optimum moisture content, etc., and are tab-
ulated in Table 1.

Grain Size Distribution Chart

Percenl Passing

10 1 0.1 0.01
Grain Size (mm)
—Sail 1 —S0il 2 —Soil 3

Fig. 1. Grain size distribution for the 3 soils

Table 1. Laboratory experiment results

Parameter Soil 1 | Soil 2 | Soil 3
k (m/min) 8.80e*|3.00e | 4.36e*
v, (KN/m®) 232 |236 |228
G 2.63 2.66 242
@ (degrees) 30.5 41.3 28.9
OMC (%) 11.0 9.00 7.00
C, 322 6.85 3.04
C. 0.200 |0.054 |0.151
WL 14.1 17.5 11.8
Wp 0.00 134 18.7
Ip 14.1 6.94 4.05
IS soil classification | SP SwW SwW

3.2 Geotextile

Geotextiles are permeable fabrics made from polypropylene or polyester which, when
used in association with soil, can separate, filter, reinforce, protect, or drain. The
non-woven geotextile used in this study is shown in Fig. 2 and its properties as pro-
vided by the manufacturer are given in Table 2.
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Fig. 2. Non-woven geotextile

Table 2. Properties of geotextile

Properties Standard 200 gsm
Mechanical properties

Tensile strength ASTM D 4595 | 8 kN/m
Elongation ASTM D 4595 | >50%
Physical properties

Mass/unit area ASTM D 5261 | 200 g/m?
Thickness ASTM D 5199 | 1.5 mm
Hydraulic properties

Flow water head- 5 cm head | ASTM D 4491 | 50 1/m?/s
AOS ASTM D 4751 | 80 pm

3.3 Tank

A tank with dimensions 2.30 m x 1.00 m x 1.25 m was fabricated using MS metal
sheets. One side was provided with windows made of glass, to monitor the slope
movement and water level, as shown in Figs. 3 and 4 respectively. The tank was split
into two compartments, of length 2.0 m and 0.3 m respectively, using a perforated
metal sheet. The perforated sheet was covered with a Non-Woven geotextile material to
prevent the movement of sand from one side to the other, but allowing easy movement
of water. The larger compartment was used to construct the slope model while the
smaller chamber was used as a water tank. This smaller portion was provided with ball
valves to regulate the water level in the chamber. The inner surface of the tank was kept
smooth to reduce any friction between the tank and the soil, and to ensure its uniform
movement within. A graduated scale was fixed on the glass to give an accurate mea-
surement of the water level in the chamber. Grids were drawn inside the tank and on the
glass to help in laying the slope accurately and to monitor the slope.
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Fig. 3. Tank setup
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Fig. 4. Tank dimension

3.4 Pluviation Setup

An air pluviation setup, which consists of a pulley system and a pluviation bucket as
shown in Fig. 5 was used to model the slopes. The pulley system was designed such
that it could be moved throughout the length and breadth of the tank.

3.5 Slope Geometries

A pilot test was conducted to determine the maximum slope angle that could be
achieved by air pluviation. The slope was created with a crest height of 0.75 m and a
toe height of 0.2 m. The width of the horizontal portion of the crest was altered
according to the slope geometry modeled. To get comparable results, the slope angles
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Fig. 5. Pluviation setup

chosen were 28°, 30° and 33°. For Soil - 1, the experiment was performed for angles of
28°, 30° and 33°. For Soil - 2 and Soil - 3 the experiments were performed for 28° and
30°. The slope geometries and its dimensions (mm) are shown in Fig. 6 and Table 3
respectively.

k. 5;3"; r 800.00 |

2000.00

ALL DIMENSIONS ARE IN mem

Fig. 6. 28° slope

Table 3. Slope dimensions

Length (mm)

Slope angle | Crest | Slope | Toe
28° 170 | 1030 | 800
30° 250 950 |800
33° 353 | 847 |800

3.6 Digital Moisture Sensor (DMS)

The Soil Moisture Sensor, shown in Fig. 7, measures the volumetric water content in
the soil. The two probes of the sensor act as a variable resistor — more water in the soil
results in better conductivity, lower resistance and higher output voltage. The analog
reading varies depending on the voltage used as well as the resolution of the Analogue

to Digital Converter (ADC) pins.
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Fig. 7. Digital moisture sensors (DMS)

3.7 Sensor Monitoring Setup

A sensor monitoring setup was installed to monitor the fluctuations in the water level of
the soil slope. The position of sensor placement in the soil slope was maintained
constant for all slope angles. The sensors were placed at an interval of 20 cm along the
length of the tank and 5 cm along the height of the tank. Digital Moisture Sensors as
mentioned above were used. The leads were placed in the soil at the abovementioned
locations, of which the conductivity increases when water reaches the sensor, making
the LED glow in the potentiometer. The indication of LED represents that water has
reached the sensor position. A sensor monitoring panel was setup outside the tank to
continuously monitor the water flow in real-time, as shown in Fig. 9. A representative
sensor placement for the 28° slope geometry is shown in Fig. 8.

-—-[-1?0_00
i '--\...\___
750.00 e ° s ™
——— o o -] R, r 800.00 9
g4y . 2 3 3 &
¢ ¢ : 52 $ 3 | 200.00
| 1 & ° s *50.00° I
- . :. — _2000_00 |
~——1200.00

ALL DIMENSIONS ARE IN mm

Fig. 8. 28° sensor setup

3.8 Experimental Procedure

The sieved soil sample was poured into the pluviation bucket which was tied to a
pulley setup. The height of fall for each soil to achieve the maximum dry density was
found by measuring the densities at different fall height. By the to and fro motion of the
bucket, soil could flow uniformly through a funnel attached at the bottom. Soil was
continuously filled for the first 5 cm and then sensors were placed with an equal
interval of 20 cm and 5 cm along length and height of the tank respectively. The
process was continued and soil was pluviated to a height of 75 c¢m at the crest, 20 cm at
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Fig. 9. Sensor monitoring panel

the toe and a length covering 2 m with required slope angle. Dial gauges were fixed at
the toe and face of the soil slope to monitor any slope movement. After setting up the
model, water with a constant inflow discharge of 2.2 L per minute was induced and
maintained throughout the experiment, to simulate a natural groundwater flow condi-
tion (Ramkrishnan et al. 2017). Position of the phreatic level and the dial gauge
readings were noted for every five minute interval. The experiment continued until the
dial gauges showed considerable displacement, indicating ample slope movement or
visible slope failure. Outflow discharges were also monitored to ensure steady state
flow.

3.9 Numerical Modeling

Numerical studies for the verification of test models were conducted using Finite
Element Method (FEM) tools. The plane strain finite element analysis was carried out
using PLAXIS 2D software. In this study, the soil was modeled using the
Mohr-Coulomb model, which involves five parameters, namely Young’s modulus (E),
Poisson’s ratio (i), Unit weights, Cohesion(c), and Angle of internal friction (®). Finite
element analyses were carried out by applying vertical predefined displacements and
zero horizontal displacements to the nodes at the top of the soil profile. The specified
displacements were applied in equal increments of 250 steps. The soil parameters
adopted in all the finite element analyses for the modeled soil slope were tabulated in
Table 4. The homogeneous soil slopes of 28° and 30° with induced ground water table
were studied extensively and the results are discussed hereafter. The phreatic level at
failure - Critical Phreatic Level (CPL), obtained from the experimental analysis was
modeled in the software and analyzed. The 28° and 30° slopes for Soil 1 are shown in
Figs. 10 and 11 respectively.
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Table 4. Parameters of soil

Parameter Soil 1 | Soil 2 | Soil 3
Unsaturated unit weight (kN/m%) | 21.1 21.6 21.3
Saturated unit weight (kN/m®) | 22.9 23.3 22.3
Void ratio (e) 0.223 |0.205 |0.116
Specific gravity (G) 2.63 2.66 242
Permeability (k) (m/min) 8.80e™* | 3.00e * | 4.36e*
Stiffness (kN/m?) 30.0 30.0 30.0
Angle of internal friction (¢) 30.5° |41.3° |28.9°
Unit cohesion (c) (kPa) 24.08 |6.26 14.94
Young’s modulus (MPa) 40.00 |80.00 |80.00

s

o s s e 41w
e = gt}

Fig. 11. Critical phreatic level-Soil 2 - 30°

I
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4 Results and Discussion

4.1 Experimental Results

Case 1: Soil 1

Soil - 1 of slope angle 28° with groundwater table

The slope failure occurred after 195 min at a water level of 48 cm from the bottom of
the slope. The outflow discharge from the toe region was found to be steady with 1 L
per minute after the toe of the slope saturated. The slope had a maximum toe dis-
placement of 0.6 mm. The CPL at failure and slope failure is shown in Figs. 12 and 13.

Critical Phreatic Level- 28°

N
o\

500

400 \ .
——Phreatic Level
-8-SLOFE GEOMETRY

300
200 \\- a

Height (mm)

0 200 400 600 800 1000 1200 1400
Length (mm)

Fig. 12. Critical phreatic level for soil - 1 of slope 28

Fig. 13. Slope failure -28° [soil - 1]
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Soil - 1 of slope angle 30° with groundwater table

The slope failure occurred after 160 min at a water level of 46 cm from the bottom
of the slope. The outflow discharge from the toe region was found to be steady with
1 L per minute after the toe of the soil slope had saturated. The slope had a max-
imum toe displacement of 1.02 mm. The CPL at failure and slope failure is shown in

Figs. 14 and 15.

Critical phreatic level - 30°

800
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400 |
——Phreatic Level
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Fig. 14. Critical phreatic level for soil - 1 of slope 30°

Fig. 15. Slope failure - 30° [soil - 1]
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Soil - 1 of slope angle 33° with groundwater table

The slope failure occurred after 145 min at a water level of 38.5 c¢cm from the bottom of
the slope. The outflow discharge from the toe region was found to be steady with
1.021 L per minute after the toe of the soil slope had saturated. The slope had a
maximum toe displacement of 2.15 mm. The CPL at failure and slope failure is shown
in Figs. 16 and 17.

700 =

o\

N
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Critical phreatic level - 33°
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0
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Length (mm)

Fig. 16. Critical phreatic level for soil - 1 of slope 33°

Fig. 17. Slope failure - 33° soils - 1

A comparison between different slope angles and their corresponding CPL are
shown in Fig. 18 and varying toe displacement is marked against their corresponding
slope angles in Fig. 19.
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Comparison of CPL (Soil 1)
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Fig. 19. Toe displacements corresponding to different slope angle
It was observed from the above results that soil with high slope angles fails quicker.

CPL for soil with low slope angle was found to be greater than that with steeper slope
angles. The soil displacement increased as the slope became steeper.
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Case 2: Soil 2

The relatively low permeability and uniform particle size distribution of this soil lead to
a considerable capillary rise of water i.e. upward vertical movement of water was faster
than the forward horizontal movement. It was observed in this case that the slope
failure occurred only when the surface of slope got saturated.

Soil - 2 of slope angle 28° with groundwater table

The failure occurred after 85 min at a water level of 38 cm from the bottom of the
slope, recording a face displacement of 4.03 mm. The ultimate failure was observed as
soil flow, which occurred after the saturation of the top surface of the slope. The CPL
and slope failure is shown in Figs. 20 and 21 respectively.

Critical Phreatic Level- 28°(Soil 2)

800 ]
700

b ——Phreatic Level
-m-SLOPE GEOMETRY
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T T T r T
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Length (mm)

Height (mm)

Fig. 20. Critical phreatic level for soil - 2 of slope 28°

Fig. 21. Slope failure - 28° [soil - 2]
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Soil - 2 of slope angle 30° with groundwater table

The failure occurred after 75 min at a water level of 38 cm from the bottom of the
slope, recording a face displacement of 2.08 mm. The ultimate failure was soil flow
which occurred after the saturation of the top surface of the slope and the maximum
final face displacement was found to be 5.18 mm. The CPL and slope failure is shown

in Figs. 22 and 23 respectively.

Critical phreatic level - 30° (Soil 2)
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Fig. 22. Critical phreatic level for soil - 2 of slope 30°

Fig. 23. Slope failure - 30° [soil - 2]

As a considerable amount of water moved in the soil slope, there occurred a series
of displacements along the face of the soil slope. The ultimate failure occurred when
the top of the slope saturated and caused earth flow in both slope geometries.
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Case 3: Soil 3

Soil - 3 of slope angle 28° with groundwater table
The failure occurred after 115 min and the water table was found to be at 43.5 cm from

the bottom of the slope. The failure of the slope was observed as considerable settle-
ment and face displacement. Displacement at critical failure was recorded to be
22.1 mm of face displacement and maximum final face displacement was found to be
24.31 mm. The CPL and slope failure is shown in Figs. 24 and 25 respectively.

Critical Phreatic Level- 28° (Soil 3)
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Fig. 24. Critical phreatic level for soil - 3 of slope 28°

Fig. 25. Slope failure - 28° [soil - 3]
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Soil - 3 of slope angle 30° with groundwater table

The failure occurred after 110 min and the water table was found to be 44 cm from the
bottom of the slope. The major failure of the slope was due to face displacement.
Displacement at critical failure was recorded to be 13.39 mm of face displacement and
maximum final face displacement was found to be 17.79 mm. The CPL and slope
failure is shown in Figs. 26 and 27 respectively.

Critical phreatic level - 30° (Soil 3)
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Fig. 26. Critical phreatic level for soil - 3 of slope 30°

Fig. 27. Slope failure - 30° [soil - 3]

Both the slope geometries of Soil - 3 were subjected to high face displacement as
the water flowed through the slope. The ultimate failure of the slopes was marked by
large displacements and earth movements under the action of water.
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4.2 Comparison of CPLs for Different Angles of the Same Soil

By comparing the CPLs for different angles of the same soil, it was evident that the
CPL was lower for steeper slopes. The CPLs for different angles and different soils are
shown in Figs. 18, 28 and 29. It was observed that steeper slopes have greater dis-
placement and fail quicker than gradual slopes, provided the different slopes are of
same density and have same inflow rate of water. CPL for different soils mainly depend
on the permeability and particle size distribution of soil (coefficient of curvature and
coefficient of uniformity), which in turn increases the seepage pressures and total
driving moments generated, reducing the mobilization of maximum shear strength
along the slip surfaces. The nature of slope failure also depends on the particle size
distribution of the soil.

Comparison of CPL (Soil 2)
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Fig. 28. Different phreatic level for soil - 2

4.3 Comparison of CPLs for Different Soils at Same Slope Angle

The CPLs of different soils varied from each other though they had similar slope
geometries. The displacements happened at the toe region or on the slope face, varying
from small displacements of 2 mm to much higher displacements of 20 mm.
Depending on various characteristics and properties of the soil, the water movement at
the specified inflow rate dominated in either vertical upward movement i.e. capillary
rise or forward horizontal movement, causing different modes of failure too. The CPLs
of different soils of same slope geometries are graphically compared in Figs. 30 and 31.
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Comparison of CPL (Soil 3)
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Fig. 29. Different phreatic level for soil - 3
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Fig. 30. Critical phreatic levels for slope angle 28°
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Comparison for CPL for 30° slope
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Fig. 31. Critical phreatic levels for slope angle 30°

5 Numerical Results

The experimental results were modeled in PLAXIS and validated. It was found that the
failure patterns and displacements observed in the software and the experimental
studies were similar. A possible explanation for the minor difference between the
experimental and numerical displacement results could be the fact that PLAXIS 2D
runs a plastic analysis for the slope geometries until it reaches ultimate failure,
incorporating automatic time steps. However, in the experimental studies, the dis-
placement was noted at the time of failure and the tests were run only for a limited
duration. The displacement values reported from the numerical analysis are the max-
imum values attained. However, if the displacements are considered at the location
where the displacement was measured in the experimental study, the difference
between the two values would be much lesser. The failure patterns for different slope
geometries for different types of soils are discussed below.

5.1 Homogenous Soil Slope with Ground Water Table

After the CPLs from the experimental results were simulated in the software, the failure
displacement diagrams for 28° and 30° slopes were obtained and are represented in
Table 5 and Fig. 32. Slight differences in the total displacements of experimental and
numerical models may be due to the difference in the field density achieved in
experimental and numerical study. The total displacement diagrams from FEM analysis
for different soils at 30° slope angles are shown in Figs. 33, 34 and 35. The failure
diagrams and displacement values obtained from FEM analyses for Cases 1 and 2 are
similar to the failure patterns observed in the experimental studies, thereby validating
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the experimental procedure and the sensor readings for the phreatic levels. From the
experimental analysis and the subsequent analytical validation, it was observed that the
CPL and the slope failure parameters depended on the soil properties such as soil group
classification, coefficient of curvature and uniformity, etc. This analysis can thus be
carried forward to obtain a reliable method that uses the aforementioned soil parameters
to predict the CPL and slope failure parameters such as the mode of failure, maximum

D. Ravichandran et al.

displacement, etc.

Displacement (mm)

40 +

30 +

20 +

10 +

0+

275

Table 5. Displacement (mm) — experimental and numerical results

Total displacement (mm)

Slope angle | Experimental results | Numerical results

Soil 1

28° 0.19 0.10

30° 0.50 0.20

Soil 2

28° 3.69 30.47

30° 2.08 32.31

Soil 3

28° 22.10 40.59

30° 13.39 40.74

Displacement vs Slope Angle
28 285 29 29.5 30
Slope Angle

——Soil 1 Experimental ——Soeil 1 Numerical ——Seil 2 Experimental
——Soil 2 Numerical ——Soil 3 Experimental —— Soil 3 Numerical

Fig. 32. Displacement vs slope angle for different soil types
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Fig. 35. Soil - 3 total displacements
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6 Conclusion

From the experimental data and results, it was observed that sudden ground water
fluctuation is one of the predominant reasons for slope failure to occur. The failure of
the slope occurred due to both toe saturation and slope saturation. On steeper homo-
geneous slopes, the CPL was lower and slope failure occurred within a shorter time
span of steady state flow, indicating that they are more unstable under the given
conditions. The surface displacements were found to be larger in steeper slopes. The
slope failure pattern also depended upon the soil characteristics, and showed significant
variation in terms of the Coefficient of Uniformity (C,). Soil 2, for which the C, is 6.85,
the failure was drastic when compared to Soil 1 and Soil 3, which has a C, of 3.22 and
3.04 respectively. By knowing the Coefficient of Uniformity, C, and Coefficient of
Curvature, C,. of a soil type, an approximate prediction of the CPL and type of slope
failure can be done. The failure occurred upon toe saturation in the case of soil slopes
with highly plastic soil, whereas for slopes having soil with low plasticity index, the
failure took place before the water reached the toe. We can also conclude that plasticity
index also has an impact on the type of failure. The values of the toe and surface
displacements of the above soil slopes can be compared with similar soil conditions in
hilly terrains to provide an empirical relation that predicts mass movements. This can
be used as an early warning system by monitoring the initial displacements of soil slope
using inclinometers, along with the rate of precipitation or phreatic level rise.
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