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Abstract

Slope instability, triggered by excessive rainfall, is one of the common geo —hazards
that geotechnical engineers are challenged with in tropical countries such as Sri Lanka.
Typically, these slope failures are initiated in colluvial layers derived from former
landslides or planes of low shear strength in differently weathered zones in the thick
soil overburden. Improvement of surface and subsurface drainage has proven to be
effective in improving the slope stability by lowering the ground water table as well
as preventing near surface perched water table conditions. Badulusirigama Landslide
in central highlands of Sri Lanka is an example for a slow moving long rotational slip

that activates after heavy rainfall events.

The landslide was rectified with over 45 m long individual sub-horizontal drains that
are arranged into a network of radial drainage groups at different elevations along the
long sliding mass. This site is also well equipped with monitoring instruments and thus
provides a great case history to further our understanding on contribution of surface
and subsurface drains in mitigating landslides. In this study, the effectiveness of the
introduced subsurface drainage measures in enhancing the stability of the
Badulusirigama Landslide was investigated using 2D and 3D numerical models. The
numerical models were then used to predict the behaviour of the landslide during

different anticipated rainfall events.

The results show that the subsurface drains system enhances the initial near failure
condition of the site to a stable slope with a factor of safety of over 1.25 within one
month. After initial drop down of the ground water table, the sub-horizontal drains still
remain effective by rapidly draining out any infiltration. The analysis also shows that
the width of the influence zone of radial horizontal drains should be carefully selected
when simplifying the problem into 2D plane strain models because the influence can
be very much localised in a low permeable medium. Possibility of introducing surface
vegetation as a hybrid measure along with subsurface drainage was also investigated.
A factor of safety improvement of 38% and 16.3% was achieved after the simulation
of construction of the drains in 2D plane strain and 3D finite element analyses
separately. Also, it was found that, vegetation could result in increasing the hydraulic
conductivity of the root zone, leading to development of perched water table

conditions.
iii
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Chapter 1

1 INTRODUCTION

1.1 Background

Slope instability is one of the major geo —hazards, in geotechnical engineering
which creates number of disastrous situations including fatalities and damages to
infrastructure facilities. Not only the natural slopes, but also the manmade slopes
are liable to failures, and most of the times this is triggered by excessive rainfall.
Typically, the type of slope failure encountered in tropical climatic regions are
shallow translational movements occurred in the thick soil overburden through
planes of low shear strength. In addition, slope failures also occur due to increased
demand of shear strength to maintain the stability of the slope, due to human
interventions. Apart from the rainfall events, additional surcharges applied on the
slope, steepening of the slope, and drawdown of water level in front of the slope
would demand mobilization of additional shear stress within the slope to maintain
the stability. Inability of soil mass to mobilize the excess shear strength required to
maintain the equilibrium, causes movements and subsequent slope failure in the

soil mass.

Soil slopes in arid and semi-arid regions of the world have distinct characteristics;

deep phreatic surface, thick soil overburden composed of in—situ weathering of the



parent rock and sometimes colluvium deposits which are reminisce or remains of
former earth slips. Near surface soil profile of these slopes are dominated by
negative pore water pressures or the suction, during the dry periods. The magnitude
of the suction prevails in a soil depends on the type of soil, pore size distribution
and the degree of saturation. The apparent cohesion provided by the effect of matric
suction has a direct impact on the shear strength of the soil. Beside the
aforementioned internal factors, the nature of the vegetation overlying the slope has
its own effects on the stability criteria of the slope. Plant roots provide an additional
support to keep the soil mass intact and also some plant roots increase the suction

within the soil pores through the mechanisms of evapotranspiration.

Introduction of surface and subsurface drainage is one of the popular rectification
techniques in landslide prone slopes. The main idea behind such drainage
improvements is to lower the natural ground water table as well as to avoid the
creation of near surface perched conditions. A sound combination of surface and
subsurface drainage network could be effective in even mitigating slopes of large

extent which are prone to failures.

Badulusirigama landslide is located in the Badulla administrative district of Sri
Lanka. It is about 4 kilometres away from the city centre of Badulla and towards
Batticaloa highway. A part of the landslide is situated within the premises of Uwa-—
Wellassa University. The width of the landslide is about 120 m, length is around
500 m, and the slip surface has been identified at a depth of around 10 — 15 m.
Sliding had occurred in a zone of weak strength in the slope. Further, the cracks
formed in the body of the sliding mass had promoted deep infiltration of rain water
and development of pore water pressures in the slide area. This landslide poses

considerable risk to residential areas around the lower part of the slope.

Subsurface and surface drainage improvements have been implemented at the site
with the objective of lowering the ground water table and directing the surface flow
paths. In addition to those drainage systems, some bio—engineering measures are

proposed to be introduced to control the surface run—off, strengthen the top soil by



means of root reinforcement, increase the scenic and aesthetic value, and to gain

some commercial benefits.

In this study, the effectiveness of the introduced hybrid mitigation measures in
enhancing the slope stability of the Badulusirigama landslide was analyzed using
numerical models. Soil strength properties were determined using the field
investigation conducted at the site and experience under similar conditions. The
effect of sub surface drainage and vegetation were studied using different cases of

analysis.

1.2 Scope of the research

The scope of this study is to analyze the effects of drainage and bio-engineering
mitigation measures in stabilizing the Badulusirigama landslide. The impact of both
measures in stabilizing the slope is separately addressed and assessed. Effectiveness
of sub surface drainage in mitigating the risk of a slow moving landslide was
evaluated using numerical models and was compared with the data obtained from
field instrumentation. Effectiveness of surface vegetation in eliminating the
formation of shallow slip surfaces was also studied, incorporating the principals of

soil- bio engineering and unsaturated soil mechanics.

1.3 Thesis objectives

The main objectives of this thesis are to:

e Study the impact of subsurface drainage improvement in stabilizing a
deep seated failure at Badulusirigama

e Quantify the effect of different vegetation in slope stabilization.

e Incorporate the effect of surface vegetation in geotechnical modelling
of slope stability.

e Study the effectiveness of installed drainage measures in ensuring the
stability of the slope in response to anticipated critical rainfalls.

1.4 Research methodology

Preliminary investigations had been done in the site. Borehole data, geological data,

geomorphological data, survey data, rainfall data as well as socio—economic data



of the residents in the area were already available from the preliminary
investigations conducted. Some instrumentation inclusive of; water level meters,
piezometers, extensiometers and pipe strain gauges were installed at the site and
the monitoring programme was in progress. More information on the site conditions

were collected based on the visual observations.

Shear box test samples were collected from shallower depths, in undisturbed form,
S0 as to determine the shear strength properties and other necessary unsaturated soil
parameters which are essential for the analysis. The required parameters were then

determined from the laboratory tests.

The most critical cross sections were selected from the survey data. EXisting
stability conditions of the slope was analyzed for those cross sections, incorporating
the soil properties obtained from laboratory experiments. The same sections were
then modified for the simulation of the effect of sub-horizontal drains. The response
of the slope to a critical rainfall after improving drainage measures was also

evaluated.

The effect of vegetation in reducing the risk of progressive shallow failures was
then modelled with modified shear strength parameters. The effective stress shear
strength parameters obtained from the laboratory tests were revised to account for
the effect of vegetation. Root tensile strength tests were conducted on the selected
plants to obtain the tensile strength of the roots. Empirical correlations available in
the literature, which provide the relationship between root tensile strength and soil

cohesion, were then applied to modify the soil shear strength properties.

Finally, the impact of the hybrid solution on protecting the slope was assessed. The
results obtained from the numerical analysis were validated against the available
field monitoring data. Ground deformations, variation of the pore water pressure
profile and other related parameters predicted using the numerical model were
compared with actual data available. Parametric studies were conducted to evaluate
the variations of factor of safety under different drainage and vegetation conditions.



1.5 Thesis outline

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Review of studies on rain induced slope instability and
stabilization methods

This chapter discusses current state of the art of evaluation of stability
of slopes, modes of slope instability - especially in rain induced slope
failures and stabilisation of slopes with drainage. The use of vegetation
in stabilizing slopes are also discussed.

Description of the case history

This chapter presents a concise description of the Badulusirigama site,
geology, geomorphology, sub soil conditions and also the nature and
the history of the failures. It further details the different driving forces

that led to slope instability and the extent of the slide.
Development of the geotechnical model of the Badulusirigama site

Chapter 4 presents the engineering properties of the sub soil at the site.
Index properties of the soil in the slide area, shear strength parameters
of the slope material and other essential unsaturated soil properties in
response to infiltration of rainfall, which are vital in modelling slope

stability, are presented in this chapter.

Two dimensional (2D) plain strain analysis of the stability of the

slope

This chapter presents the comprehensive study conducted using 2
dimensional plane strain analysis with limit equilibrium approach.
Stability of the slope has been assessed before and after installation of
subsurface drainage measures. Influence of the sequence of installation
of drains on the enhancement of stability was also illustrated. Influence
of surface vegetation on slope stability and response of the slope to

different rainfall events were also presented in this chapter.



Chapter 6:

Chapter 7

Developing a three dimensional (3D) finite element model of the
Badulusirigama landslide

This chapter describes the development of the 3D finite element model
for Badulusirigama Landslide. Different sequences of subsurface
drainage construction, response of the slope to infiltration events after
drainage improvement have been analyzed and the results are

presented.
Conclusions and Recommendations

This chapter summarizes the key findings of current study. Further, it
discusses how these hybrid solutions, comprise of both drainage and
nature based mitigation measures can be effectively implemented in
the field.



Chapter 2

2 REVIEW OF STUDIES ON RAIN INDUCED SLOPE
INSTABILITY AND STABILIZATION METHODS

2.1 Introduction

In this chapter, a review of studies on rain induced slope instability and methods of
rectification will be presented. Methods of analysis performed under such

conditions are also reviewed.

2.2 Stability of a slope

Stability of a slope can be defined as the ability to withstand alone despite of the
forces driving towards different movements (Duncan et al., 1996). This is a function
of different internal and external factors associated with the slope. Type of soil
cover, thickness of the soil overburden, slope angle, cyclic changes of the pore
water pressure regime within the slope and other geological factors are vital internal
factors in maintaining the stability of a slope. Climatic conditions, vegetation,
disturbance due to human intervention are main external factors critical in stability
(Huang 1983; Sidle et al., 1985). These factors have direct and indirect impacts on
the stability of a slope.

Stability of a slope is directly connected with thermo — hydro — mechanical
processes taking place in the soil and the surrounding environment (Elia et al.,
2017). The outcome of different interactions between these factors, alter the natural
equilibrium condition of the slope. In Sri Lanka, excessive rainfall is the main
triggering factor for slope instability. The net infiltration as a result of prolonged
rainfalls into residual or colluvium top soil formations of the slopes, create near
surface perched water table conditions (Sujeevan and Kulathilaka 2011). On the
other hand, these progressing water fronts into the soil pores, deplete the Matric
suction and hence reduce the apparent cohesion (Collins and Znidarcic 2004). This

is also a major governing factor especially in shallow translational slides. Variation



of the pore water pressure profile due to infiltration could result in either variability
in the available shear strength or overall changes in the available shear strength. In
either way, it could bring about an onset or progression of a failure (Elia et al.,
2017). Besides, these shallow seated slope failures deep seated larger scale slope
failures are also found in hill terrains. Some of them are creep movements,
occurring over longer time durations and sometimes expedited by heavy rains. The

threshold rainfall value for failure would be site specific.

With a prolonged rainfall of significant intensity or intermittent rainfalls over a long
period of time, the infiltrated water will travel deeper causing a rise in the
groundwater table. If the slope is formed of slopes of contrasting permeability; a
layer of much lower permeability underlain by a layer of greater permeability, a
pore pressure built up would develop at the boundary of the two layers. The failure
surface could develop at the said boundary. (Sujeewan and Kulathilaka 2011). This
phenomenon was observed at some large landslides that occurred in Sri Lanka
within the last decade. In the landslides at Aranayaka and Meeriyabedda it could be
seen that all the overburden soil down to the rock has moved as a debris flow.

Natural vegetation cover that exists on a slope has a profound impact on the stability
of the slope. Vegetation cover on the slope resists the velocity of raindrops by
providing a canopy effect (Coppin and Richards 1990). Thereby reduces the impact
of the raindrops falling directly on to the soil slope. Surface vegetation covers
inhibits the surface erosion of the slope and makes sure that the top soil is kept
intact even at the presence of heavy rains. Vegetation also takes part in complex
slope atmosphere interactions. It acts as an evaporation agent during the processes
of evapotranspiration, to regulate the ground water condition of the slope. At
present, it is quite popular to incorporate bio engineering measures in rectifying
failed slopes, in combination with structural measures to enhance the aesthetic
appearance as well as to provide the aforementioned additional stability. Lack of
satisfactory methods to incorporate the effect of bio — engineering methods into
conventional slope stability analysis is a major consideration among the

researchers. Compared to well established design and computational approaches for



conventional slope retaining systems such as retaining walls, soil nail designs etc.,
standard methods for quantification of bio — engineering approaches, to a level at
which it can be competently integrated into slope rectification designs, is still under
developed and remains a major challenge. (Gray and Barker 2004; Yildiz et al.,
2018)

Ingress of water into the soil mass during heavy rainfall conditions lead to
generation of excess pore water pressures inside the slope. This excess pore water
pressure will cause reduction in effective stresses and lead to slope instability.
Therefore, the role of surface and subsurface drainage systems are vital in
minimizing the infiltration into the slope as well as maintaining a low ground water
table allowing rapid escape routes for water entered into the slope. Hence, drainage
measures play an important role in slope stability. Natural slopes have their own
drainage paths through which the surface runoff easily drains out of the slope area.
These natural surface flow paths also reduce stagnation of the water in the body of
the slope and the ingress of water into the slope. However, when a disturbed slope
or a man-made slope is considered, the natural flow paths can be interrupted or not
available at all and hence, artificial application of subsurface drainage measures is
essential in maintaining its stability. Effort of a subsurface drainage network is
crucial to maintain the stability of a slope, when there is a high tendency of
infiltration and rise of ground water table conditions.

Overall stability of a slope is an integrated effort of number of components, which
can be considered interdependent. These components, as a whole, have different
interactions with the atmosphere, climatic conditions, geological and
geomorphological conditions to balance the negative impacts and ensure the

equilibrium state of the slope.

2.3 Methods of slope stability assessment

Slope stability assessment is one of the most important aspects in the field of
geotechnical engineering. Stability assessment methods provide the fundamentals

to ensure the safe design and construction in grounds with significant elevation



differences. It comes in to place in many geotechnical applications such as
modification of natural slopes, construction of embankments and landslide studies.
Assessing the stability of a slope was a long being interest within the geotechnical
community. Simple qualitative approaches of understanding the stability state of a
slope were adequate in the past. However, with the development of infrastructure
facilities, confronting with adverse climate changes, rectification of failed/cut
slopes, engineers wanted to assess the stability of a slope in terms of quantitative
approaches. Consequently, number of methods have been developed and been in
practice up to date, pertaining to slope stability analysis. These concepts have been
incorporated into computer programmes to make the analyses efficient and user
friendly. In broader terms, most widely used slope stability analysis methods can
be divided into three main categories; limit equilibrium methods, limit analysis

methods and finite element methods.

2.3.1 Limit Equilibrium Method (LEM) of Slope Stability Analysis

This is the most common approach for analysing the stability of slopes. In the limit
equilibrium approach the equilibrium of mass of soil bounded by a failure surface
is considered. Most of the limit equilibrium approaches use the Mohr — Coulomb
failure criteria to determine the shear strength along a potential sliding plane of a
slope. A good knowledge of the geology of the slope is essential in making a
reasonable assumption of the shape of the potential failure surface. It has been
shown in both analytically and through case records that in the case of uniform sub
soil conditions the failure surface is likely to be circular. But in the case of non-
uniform sub soil conditions the failure would take place along weaker links
avoiding stronger material and would be non-circular. If there are stronger layers,
the failure surface will avoid them. Accordingly, the trial failure surface of
appropriate shape should be assumed giving due consideration to; (Figure 2.1),
different sub soil layers, their shear strength parameters and the location of the
phreatic surface. Within this framework number of different potential failure
surfaces must be tried out. Then the Factor of Safety (FoS) is calculated considering
the equilibrium of the soil mass bounded by the failure surface and the ground

10



profile. The shear resistance to be developed to maintain equilibrium with forces
causing instability is computed and compared with the shear strength. The ratio of
the available shear strength to the mobilized shear stress is called the factor of safety
(Equation 2.1).

Factor of Safety = % ......... 2.1

Where, s is the available shear strength and z is the shear stress necessary to
maintain equilibrium or the mobilized shear stress. The FoS should be evaluated on
all potential trial failure surfaces and the minimum out of them should be taken.
The corresponding failure surface is termed the critical failure surface. Factor of
safety is an indication of degree of stability of a slope. Normally a constant FoS is

assumed along the entire failure surface.

;

/
4/ ~" Non-circular
-

Compound slip

Figure 2.1: Types of slip surfaces (Knappett and Craig, 2012)

When the slope is made of the same material, the free body of the failure mass is
drawn and all the forces are marked for the whole body and equilibrium equations
are written for the entire mass (Figure 2.2). The problem was statically
indeterminate and indeterminacy was eliminated by making assumptions on the
distribution of the normal stress at the failure surface. Friction circle method is one

such method applicable for solving the stability of slopes in a uniform soil masses.
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Figure 2.2 Free body diagram of the failure mass

When the slope is made of layers or zones of soils having different properties the
failure mass cannot be treated as one uniform body. The shear stresses mobilized at
different zone will differ and the mass has to be divided into zones. Methods of
slices evolved under these conditions and the failure mass was divided into vertical
slices accounting for the change of strength properties. The segment of the failure
surface in one slice should be within the same zone of soil. It could change above
the failure surface (Figure 2.3).

(b)

Ax;
I
(@) 2 /.

Figure 2.3: (a) Circular slip surface with overlying soil mass subdivided into

slices (Duncan et al., 2014), (b) Forces acting on a slice
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Number of different methods of slices were developed by researchers over the last
few decades. These methods ended up with an expression for factor of Safety on
the trial failure surface considered in the analysis. The problem of analysis of the
stability of a soil mass divided into number of slices is statically indeterminate and

it was made determinate by assumptions made on inter slice forces (Figure 2.3 (b)).
Ordinary Slices Method

The first method of slices, the Ordinary slices method or Swedish slices method
(1937) was developed for circular failure surfaces and it assumes that the resultant
force on the two vertical sides of the slice are parallel to the base. As such, the
resultant forces in adjacent slides at a given boundary will not be in the same
direction thus violating a basic requirement of force equilibrium (Newton’s third
law). The assumption results in a very simplified expression for factor of safety.

The method yield FOS values that are smaller than those satisfying statics.
Bishop Simplified Method

This method assumes that interstice shear force is zero (forces X1 and Xz in Figure
2.3 (b)). This results in a nonlinear equation for FOS where an initial value has to
be assumed to obtain the FOS. Iterations were done until the assumed value and
computed values are sufficiently close. Usually it converges within 2 iterations.
Wright et al., (1973) compared the answers obtained from Bishop’s simplified
method with those from further advanced methods developed subsequently and
found that the answers are within 8%. This method is applicable only for circular

failure surfaces.

Mogenstern and Price Method (1965), Spenser's method (1967) and Janbu's
rigorous method (1967) developed subsequently consider both force and moment
equilibrium and can be applied to both circular and non-circular failure surfaces.
Different mathematical expressions were used for the ratio of vertical and
horizontal inter slices surfaces. Iterations were done until the FOS on moment
equilibrium and FOS on force equilibrium are sufficiently close. The FOS

expressions for these methods are quite complex and this iterative procedures made
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it necessary to use some computer program to arrive at an answer. Many
commercial software currently available have incorporated these methods. The
most appropriate method to be applied to a given problem should be decided
exercising judgement based on the knowledge of fundamental geotechnical
principles. Different limit equilibrium methods currently in use and their basic

limitations/capabilities are summarized in Table 2.1.

Table 2.1 Comparison of factor of safety equations (Fredlund and Krahn 1977)

Factor of safety based on
Method Moment Force
equilibrium Equilibrium
Ordinary Slice Method (1937) Yes No
Bishop Simplified Method (1955) Yes No
Janbu Simplified Method (1956) No Yes
Spencer’s Method (1967) Yes Yes
Janbu Rigourous Method (1967) No Yes
Morgenstern and Price Method (1965) Yes Yes

With any of these limit equilibrium methods a large number of trial failure surfaces
should be assumed and analysed to identify the most critical. There are various
systematic methods such as; grid and radius method, block specified method built
into commercial software in this context. In grid and radius method, which can be
used for circular failure surfaces, number of grid points and set of tangential lines
are defined covering the slope area (Figure 2.4). Alternate trial failure surfaces are
obtained by drawing tangential circular surfaces from grid points. Once the FOS
corresponding to these trail failure surfaces are computed the minimum FOS and
the corresponding failure surface are identified. Block specified method uses two

set of blocks defined as two grids to determine the critical slip surface (Figure 2.5).
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As such failure surface would be non-circular. The location of the blocks should be
carefully selected having considered the special geological features such as weak
layers to capture the most critical failure surface. There was also an auto locate
approach where the most critical failure surface was identified through an

optimized search routine.
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Figure 2.5 Definition of block specified method
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2.3.2 Finite Element Method (FEM) to Assess the Stability of Slopes

Finite element method in geotechnical analysis gained more popularity over the
limit equilibrium approaches since the development of advance computer
programmes. Using finite element approach, the existing stress condition of a
natural slope can be numerically simulated using the gravity turn on technique. In
the FEM, slope is divided into number of elements which are connected at the
nodes. Different zones of soil can be assigned appropriate characteristics. The soil
is assumed to behave according to an appropriate constitutive model. The method

satisfies the conditions of equilibrium, compatibility and constitutive relationship.

The method can be extended to account for; excavations in slopes, loading of
slopes, construction of sloping ground in layers, seepage induced failures, brittle
soil behaviours, and engineering interventions such as geo-textiles, soil nailing,

drains and retaining walls (Swan et al., 1999).

In a finite element formulation; the loading of a slope or the excavation of a slope
can be numerically simulated by applying the corresponding loading or unloading
at the corresponding nodes. Deformations are computed at nodes and stresses are

computed at Gauss points.

The response of a slope to; application of a surcharge load, excavation at the toe,
can be estimated in the form of computed stresses and deformations. The infiltration
of rainfall and the corresponding changes in the pore pressure regime could be
estimated through a finite element formulation of seepage and incorporated into a

stress analysis.

In the assessment of the stability of though the Finite Element Method there was no
need to assume a trial failure surface initially. The potential failure surface is
deduced through the results of the stress analysis. Displacement at critical points,
displacement illustrated graphically in the form of displacement vectors, stress
levels and stress level contours are different tools that can be used in this context.

The Factor of Safety also emerges from the results of the stress analysis.
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Factor of Safety based on stress level

Stress level or the amount of strength mobilized at a point can be defined as;

(=)

Stress level at a point =

The average stress level along the assume slip surface can be defined as;

/_y/
Average stress level along the slip surface = LZ# Al....(2.3)
YAl (01—03)

f

This expression gives an indication about the mobilized stress level and the inverse

of the same can be accepted as factor of safety.
Factor of safety based on shear stress

Factor of safety is defined as the ratio between the shear strength, 7, at a point, to

the mobilized shear stress, t,,, using the conventional definition.

/+o/ tan @/) 4l
Factor of safety = :L X +§T a;l )
m m

Factor of safety based on nodal displacement technique

This method was first introduced by Donald and Giam (1988). In this method,
separate finite element analyses are performed by incrementally modifying the
modulus and shear strength parameters of the material by a factor, N. The
displacements of a selected critical point is plotted against 1/N (Figure 2.6). The
value of 1/N at which the displacement shows a sharp increase is considered as the
factor of safety.

The nodal displacement method for factor of safety has now been embedded in the

commercially available FEM software PLAXIS in the c, phi reduction approach.
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Nodal Displ.

d
Figure 2.6: Typical nodal displacement curve (Donald and Giam 1988)

Use of displacement vectors

The displacement vector plots could be used to locate the critical slip surface.
Figure 2.7 (a) shows a homogeneous slope with an intrusion of a weak layer. The
nodal displacement plot obtained for the slope at nodes 18 and 19 (Figure 2.17 (2))
are shown in Figure 2.7 (b). According to this the critical factor of safety of the
slope is 1.34. Figure 2.8 (a) illustrates that total displacement vectors can indicate
the shape of the failure surface. Figure 2.8(b) which presents the incremental
displacement vectors in the last excavation increment can provide even a better
illustration. The displacement vectors have clearly identified the non-circular

failure surface.
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Figure 2.7 (a): A homogeneous simple slope composed of two soil layers
(b): Nodal displacement curves obtained for the slope at Nodes 18 and 19
(Donald and Giam 1988)
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Figure 2.8: (a) Total displacement vectors (b) Incremental displacement vectors at
critical nodal factor (Donald and Giam 1989)
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2.4  Slope Stabilization Techniques

When the safety margin of a slope is not adequate, appropriate methods should be
applied to enhance the stability. As mentioned by Terzaghi and Peck (1967), the
methods of rectification should address the main reasons for slope instability. The
various methods that can be adopted can be listed as;

e Modification of slope geometry

e Improvement of surface drainage

e Improvement of sub-surface drainage

e Provision of gravity support at toe

e Reinforcement with soil nails and anchors

e Provision of piles extending beyond the failure surface

The most appropriate technique is site specific and most often a combination of
several methods will be necessary.

24.1 Surface Drainage Measures

Most of the Sri Lankan soil slopes are composed of residual soils, formed of in- situ
weathering of parent metamorphic rock. The low phreatic surface is a characteristic
feature in these slopes and the unsaturated zone above the phreatic surface is
dominated by matric suction or the negative pore water pressure. This matric
suction result in providing and additional shear strength to the soil mass above the
water table, which indeed improve the safety margins of the slope. However, during
the periods of prolong rainfall, water ingress into these slopes. Consequently, matric
suction diminishes and additional shear strength due to suction will be lost. In
addition, perched water table conditions are created. Loss of matric suction,
increase of weight of the soil mass due to infiltration of water, formation of positive
pore water pressures and thereby reduction of effective stress would cause slope
instability, during the periods of prolong rainfalls. In Sri Lanka, all slope failures
are triggered by excessive rainfall. As such, minimisation of rain water infiltration

into the slope, providing pathways to direct the surface water flow and providing
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subsurface drainage networks to intercept the rising ground water tables, are vital

in maintaining slope stability.

2.4.2 Sub Surface Drainage in Slope stability

Most of the slope movements are caused by the action of increasing ground water
pressures. Hence, removal of excess or additional ground water pressures from the
slopes has become the most popular economic and efficient measures of slope
rectification or stabilization (Cook et al., 2008). The main objective of using sub
surface drains is the lowering of ground water table. Subsurface drains are also used
in emergency situations occurred in highways where local instabilities are occurred
due to the effect of excessive rainfalls (Conforth 2005). Design of proper sub
surface drainage systems require an adequate knowledge in ground water
conditions, aquifer types, geology and geomorphology, existing surface drainage
network, soil parameters and potential failure type (Lau and Kenny 1984; Kleppe
and Denby 1984).

Sub surface drains are drilled into the rock or soil mass with a slightly positive
inclination to the horizontal plains. The drilled holes are then installed with
perforated polyvinyl pipes so that water comes out under gravity (Santi et al., 2003;
Cornforth 2005).

Sub surface drains should be located appropriately identifying the critical soil layers
facilitating the rapid outward movement of water trapped inside. The length and the

spacing should be decided on these factors.

Shallow translational slides are possible due to the water level increase and
development of perched water table conditions caused by infiltration, in the upper
slope. In contrast, rising of pore water pressures in the lower slope region could
initiate rotational failures in the toe region of a slope. Therefore, type, length and
density of the drainage network should be decided after a thorough investigation of
slope profile and other hydrological properties of soil such as conductivity and

water storage capacity.
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When designing the sub surface drains, main focus is to lower the water table. Use
of sub surface drains to eliminate the formation of perched water table conditions
in the upper regions of the slope alone, sometimes may not be effective in long term
(Rahardjo et al., 2012).

2.4.2.1 Location of Sub Surface Drains

Sub surface drains should be located after a thorough investigation on geological
profile of the slope, possible failure mechanisms as well as possible failure surfaces.
An idea about the variation of initial pore water pressure profile in the slope and
thickness of the unsaturated soil profile are essential in designing horizontal drains.
Hence, adequate number of piezometers should be installed at identified locations
to obtain information pertaining to the changes of the pore water pressure regime,
before the design of sub surface drains (Cornforth 2005). Meantime, continuous
monitoring data obtained from piezometers after installation of sub surface drains
could be used to assess the effectiveness of the system in drawing down the water
table.

2.4.2.2 Zones of Penetration

Sub surface drains are functioning most effectively when they intercept the ground
water table below the zone of instability. Properties of the slope material, directions
of the ground water flow, critical water bearing layers of low permeability, presence
of discontinuities, fissures in clayey soils and perched water table conditions should
be precisely identified when designing sub surface drains (Figure 2.9), (Cook et
al., 2008).

Drain 1 in Figure 2.9 crosses only three discontinuities whereas drain 2 crosses five
discontinuities. Drains intersecting the maximum number of discontinuities are the
most efficient when transporting water out. The method developed by Zhou and
Maerz (2002), to identify the optimum drilling direction in jointed rocks is also
suitable for soils with stratigraphic layering, fissures and presence of such relatively
high permeable zones (Cook et al., 2008; Pathmanathan 2009).
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Figure 2.9 Variation of number of discontinuities crosses by the drain depending

on rain inclination (Cook et al., 2008)

Anisotropic ratio of permeability is also considered important in installing sub
surface drains for slope stabilization (Pathmanathan 2009). The anisotropic ratio

changes the profile of the phreatic surface rapidly (Figure 2.10).
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Figure 2.10 Modelled phreatic surfaces for a slope with no drains with different

anisotropic ratios of permeability (Pathmanathan 2009)

The figure illustrates that slopes with higher ratios of horizontal permeability to
vertical permeability stabilize quicker than those with low ratios of anisotropic
permeability. Hence, the presence of layers with various permeability as well as
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their orientations should also be accounted in designing sub surface drains with the

maximum efficiency.
2.4.2.3 Maintaining a Constant Matric Suction Profile

Rahardjo et al., (2012) have carried out comprehensive studies on the location of
the sub surface drains for most efficient functioning. A parametric study has been
carried out using the typical properties for Singapore soils on a slope with a typical
geometry. During this study, sub surface drains have been introduced at three
different locations of the slope and slope is subjected to a continuous rainfall. The
analysis shows that the drains installed at the toe area of the slope are the most
effective in improving the stability of the slope (Figure 2.11). The drains at upper
levels have not contributed much to maintenance of stability.
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Figure 2.11 Theoretical effectiveness of horizontal drains in terms of flux with
respect to drain position (Rahardjo et al., 2012)

Monitoring results obtained from different field studies have also confirmed this
finding (Rahardjo et al., 2003).
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The zone between the lowered water table and the influence depth of the rainfall
(Figure 2.12) maintains a constant matric suction profile and thus improve the
factor of safety of the slope due to the contribution of additional shear strength.
When deciding the orientation or the inclination of sub surface drains, it is
important to pay attention on optimizing the thickness of this unsaturated zone of

the slope.

Water table
without drainage

Zone of rainfall influence,
about 4 meters deep

Potential slip surface

Horizontal drain

Surface drain
~ /_ at pipe outlet

--------------------
....................

Figure 2.12 Conceptual design for subsurface drains (Rahardjo et al., 2003)

Besides, studies conducted by Rahardjo et al., (2003) have also shown that the
installation of sub surface drains within the unsaturated soil zone is not that
effective. Because the water will tend to move downward the slope direction

creating near surface saturated conditions within the slope.
2.4.2.4 Length of Sub Surface Drains

The length of the sub surface drains has a great impact on the effectiveness of the
drain system (Rahardjo 2012). Santoso et al., (2009) investigated the effect of
drains of different lengths on the stability of the slope. Two slopes (Sedimentary
Juromg formation and Bukit Timah Granite) of different geological formations
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have been modelled, using SEEP/W finite element software, to study the impact of
the length of the drain on the stability. Slopes have modelled under different

circumstances as listed below.
e Without drainage measures
e Drains extended to the middle of the slope
e Drains extended to the critical slip surface

e Drains extended beyond the critical slip surface (to a distance below the

crest of the slope)

During modelling, all the other factors such as slope height, slope angle and the
rainfall intensity were kept constant. Location of the critical slip surface has been
obtained from the analysis conducted with no drainage condition. In the initial
stage of the modelling, different drain configurations have been allowed to come to
an equilibrium state. During the next stage of modelling, slopes have been exposed
to a rainfall intensity of 22 mm/hour, for 24 hours and then allowed to come to a
state of equilibrium. Figure 2.13 shows the variation of factor of safety with the

ratio of the drain length to drain spacing.

It is evident that the factor of safety tends to increase with the drain length and
gradually becomes constant. The improvement of factor of safety in Sedimentary
Jurong Formation with the drain at the middle of the slope is around 13%. The same
for drains extended to the critical slip surface and for the drains extended a distance
below the crest of the slope are around 15% and 15.4 % respectively. A similar
behaviour is observed with regard to the Bukit Timah Granite slope, where, drains
extended to the middle of the slope improved the factor of safety by 10.5%, drains
extended to the critical surface improved FoS by 12% and the drains extended to
the point below the crest of the slope improved FoS by 12.5%. This indicates the
optimum length of the sub surface drain is limited by the location of the critical slip
surface (Rahardjo et al., 2012). These findings further confirm the works of

previous researchers (Lau and Kenny 1984; Nakamura 1988; Cai et al., 1998) which
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also showed that the maximum reduction of subsurface water is limited by the drain
length extended to the slip surface. In addition, drain diameter, drain inclination,
drain spacing as well as the soil properties of the slope too are vital in maintaining
the stability of a slope (Rahardjo et al., 2012).

Cai et al., (1998) has conducted similar studies to assess the impact of sub surface
drains in slope stability. In their study, a rainfall has been simulated on a three
dimensional slope and the effect on stability is evaluated using an elasto-plastic
shear strength reduction finite element method. These results also have proven that
the rate of increase of factor of safety reduces when the drains are extended beyond
the critical slip surface. In addition, the analysis also showed that lengthening of
drains is more effective than reducing the spacing between the drains and increasing
the number of drains. This study also concluded that the effect of drains is mainly

influenced by the ratio of rainfall intensity to saturated hydraulic conductivity.
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Figure 2.13 Influence of drain length on stabilizing effect of horizontal drains
(Santoso et al., 2009)

2.4.2.5 Inclination of the Sub Surface Drains

Drains are inclined upwards in view of maintaining a positive hydraulic gradient

throughout the drain (Cornforth 2005). The nominal inclination of horizontal drains
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is between 2 ©— 10° from the horizontal. However, installation of drains with angles
of almost 25° or more is possible depending on the subsurface profile (Conforth
2005). Lower angles are much preferred as they are in lower elevations at the back
end of the drain and induce more drawdown in the ground water table (Santi et al.,
2003). Even the drains installed horizontally would function properly as long as a

positive hydraulic gradient exists within the slope (Cook et al., 2008).
2.4.2.6 Configuration of Sub Surface Drains

Conforth (2005) describes that subsurface drains can be installed either parallel to
each other or in a fan shaped orientation. The parallel configuration is more
common and used in road cuts, railway roads and canals. In the parallel orientation,

drains are spaced normally 1.0 — 3.0 m apart.

Fan type drains are widely used in landslides. It makes easier to collect the ground
water, causes minimum disturbance to the ground during installation and requires
minimum movements of the drill rig. Figure 2.14 shows two arrays of fan type
drainage networks used to stabilize a landslide in Oregon State in USA. The first
array of the drains (indicated by A) has been installed to avoid the water feeding
from the upper hillside area to landslide area. The second array of drains has been
installed to intercept the ground water table before reaching the failure surface of
the landslide. Along with the drainage measures, a shear key and some surface
drains have also been introduced to ensure the slope stability and restrict any further

movements.
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Figure 2.14 Two arrays of horizontal drains used to lower the ground water table
at Sandlake roadside, Oregon (Conforth 2005)

Kleppe and Denby (1984) have also presented a similar case study on use of radial
drainage network as a long term measure for stabilizing a highway embankment in
Seattle. Two sets of fan shaped sub surface drainage systems have been installed at
two different elevations of the slope (Figure 2.15). The construction of drainage has
been done in two phases. However, it is recommended to install appropriate number
of drains in the fan type configuration to ensure the total spacing covered by the
drains, equal to that of the parallel drains (Cook et al., 2008).
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Figure 2.15 Plan view of the horizontal drains installed in the slope (Kleppe and
Denby, 1984)
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2.4.3 Landslide Mitigation using Sub Surface Drainage Improvements in Sri
Lanka

2.4.3.1 Rectification of Watawala Landslide (Chandler and Broise, 2000)

Watawala is located about 160 km by rail from Colombo in the central highlands
of Sri Lanka. The average annual rainfall of the area is about 5500 mm. The slide
area is situated in an abandoned tea plantation. Considerable movements had been
occurred since 1957. After a major movement occurred in 1992, Sri Lanka Railway
decided to stabilise the slide. In June 1992, the track moved down with a locomotive
of 97 tons, after a rainfall of 200 mm. Some further movements of 8 m has occurred
in the same month. At the time the decision was taken to rectify the slide, it had
extended to a length of about 500 m with a width of 60 m (Figure 2.16). The depth

to the failure surface is around 30 m (Figure 2.17).
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Figure 2.16: Plan view of the Watawala landslide area (Rajaratham and Bhandari,
1994)

The slide is situated in a “v” shaped valley area formed of high grade metamorphic
rocks which are highly fractured and faulted. Right beneath the slide a highly
weathered fault zone is located, which is overlaid by colluvium deposits of sandy
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silts and some zones of clay. Owing to this formation, permeability of the

subsurface ground was relatively high in the area.

With the large movements taken place along this failure surface over a long period,
shear strength has reduced to residual values. The major issues to be addressed in
rectifying the slide is the deep slip surface and substantially larger areal extent. It
was difficult to reach the deep failure surface along the full length of the slide with
uni — directional drains. Therefore, it had been decided to permanently lower the
water table using directional drilling technique, beneath the slide. In addition to
drainage measures, deep wells and eductor system too has been installed for rapid
draw down and dewatering. Also this is the first application of directional drilling
technique to landslide mitigation. The system of directional drains which was just
under the identified potential failure surface would be able to relieve the pore water

pressure building up there quickly.
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Figure 2.17: Cross section along the shear plane (Rajaratham and Bhandari, 1994)
Subsurface drainage network

Eleven sub surface drains have been installed in the upper weathered zone of the
rock, a few meters below the base of the colluvium (Figure 2.18). The interface
between the weathered rock and the colluvium deposit had been estimated by
computer interpolation using borehole data. Each and every drain has been designed

independently in accordance with the subsurface profile. Therefore, drains have
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their own unique three dimensional outfit (Figure 2.19). The drain material is high
density polythene (HDPE) pipe, which is capable of withstanding strains of 800 %
before failure. It ensures the ability to withstand further moments during and after
the construction phase. In addition to main eleven drains, another four short drains

have been installed to drain the area just about the toe of the slide.

Figure 2.18 Layout of subsurface drains and deep wells at Watawala landslide
(Chandler and Broise, 2000)
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Figure 2.19 Typical sub surface drain profile (Chandler and Broise, 2000)

In order to install the drains, drill holes have been drilled from a drilling pad located
near the toe of the slide (Figure 2.18). The diameter of the drill hole is 215 mm,
which is drilled with a 130 mm diameter drill pipe. The holes daylight at the upper
part of the slope (Figure 2.19). The drain pipe which is of 63 mm diameter was
pulled through the drilled pipe and the drilled pipe was then withdrawn over the top
of the drain. The drain pipes possess filtered openings at each 1 m interval to
facilitate water entry into the drain.

Post construction monitoring of the site rainfall and sub-surface drainage discharge
has indicated that the peak flow rates coincide with heavy rains of several days
(Figure 2.20). It further shows that the effect of isolated storms are less likely to
influence overall flow rates. Also the quick response time of the subsurface drains
to rainfall events indicates the relatively high permeability of the subsurface zone.
Pizometric levels measured after the construction of drains indicates that the ground
water table in the colluvium in the middle is maintained at a depth of 15 m or greater
and the same in the toe region 3 — 5 m from the ground level, even in the presence
of peak rainfall events. The readings obtained from surface movement monitoring
monuments have indicated total cumulative horizontal slope movements in the
range of 10- 50 mm, since the commencement of monitoring (during the first nine
months of the year 1995). The vertical movements were in the range of 15 — 55
mm. This is directly related to stabilization work, resulting from consolidation

settlements due to lowering of the ground water tale. In addition, stability
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calculations performed using 3D CLARA programme has indicated a maximum
theoretical factor of safety value of 1.8, assuming the fully efficiency of sub surface
drains (Chandler and Broise, 2000).
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Figure 2.20 Rainfall and discharges from the sub surface drains (Chandler and
Broise, 2000)

The case study has shown the effective use of long subsurface drains as a drainage
blanket beneath the slide to stabilize the slide. Adoption of directional drilling
technique has enabled the installation of long drains in compatible with subsurface
conditions so as to attain the maximum efficiency. Apart from that, rectification of
Watawala landslide is a good example which illustrates the effective use of sub
surface geological, hydrological and geomorphological conditions along with the
structural measures of slope stabilization. The system of drains function even today

although there are some reports of blockages (Figure 2.21).
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Figure 2.21: Photograph taken at Watawala in June 2018

2.4.3.2 Rectification of Ihalakotte Earth Slip (NBRO Report 30/25273)

A subsidence occurred on 17" May 2016, at 59% Milepost in the Main Railway
Line in between lIhalakotte and Balana Railway stations. Tension cracks have
appeared on the railway track as well as on the down slope. The incident happened
after the area experienced heavy rains that continued for few days. The extent of

the slide area was around 80 m to 100 m along the railway track.

Field investigation programme was conducted to detail the subsurface conditions

as well as the depth of the slip surface.

Borehole investigation data revealed that the top most soil layers consists of
relatively high permeable gravelly and sandy soils. This subsurface condition
encourages the deeper infiltration of water during rainfall events. In addition, water
seeping from highly fractured rock above the railway track also ingress into the
slope area through the top soil layer, causing the ground water table to rise. As per
the analysis conducted, the subsidence is due to development of a shallow slip

surface resulting from build-up of positive pore water pressures.
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investigation and proposed alignment of the sub surface drain

In view of mitigating the failure, improvement of surface drainage measures,
sealing of cracks and subsurface drains were introduced. Surface drainage was
improved by construction of cut off drains and cascade drains to prevent stagnation
and improve runoff of water minimizing infiltration. Surface drainage was
improved by construction of cut off drains and cascade drains to prevent stagnation
and improve runoff of rainwater minimizing infiltration. Four long sub-horizontal
drains were done to facilitate the rapid outward movement of water inside the slope,
so that the pore water pressures developed during the rainy season will be dissipated
quickly. The location, directions and the length/s of the sub horizontal drains were
decided based on the results of the geotechnical investigations conducted by drilling

four numbers of boreholes (Figure 2.22).

Observations from the piezometers installed in the boreholes were also considered
when designing the subsurface drains. Figure 2.23 shows outlet of a subsurface

drain installed at the site
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Figure 2.23 Outlet of a subsurface drain installed at the site

Post construction monitoring carried out in the site indicated that no development
of excessive pore water pressures encountered after installation of sub surface

drains. Accordingly, the rail track was re- opened for after 14 days.

The two case studies provides a glimpse of utilization of sub surface drains in
landslide rectification in the Sri Lankan context. It highlights the effective use of
local terrain conditions in designing and implementing drainage measures. Further,
the extent and the momentousness of the two cases described above, manifest that
the sub surface drainage measures are applicable in landslide rectification even

under the most critical circumstances.

244 Modelling the Effects of Sub Surface Drains in a Plain Strain
Formulation

It is always important to evaluate the performance of a proposed sub surface
drainage system in stabilizing a slope, before the installation in the site. There are
different methods available to simulate the effect of a horizontal drain in slope
stability analysis. SEEP/W by Geoslope International, a finite element software
used for seepage analysis, proposes two methods to simulate the drains. First
method is modelling the drain as a circular opening in the soil region. Then the
perimeter of the opening is assigned with potential seepage review boundary
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condition. The second method is to specify a pressure or head type boundary
condition at the location of the drain. In this method, it is assumed that the drain
can handle the inflow into it and no excess pore water pressures are developed.
However, when modelling drains, it is vital to pay attention on adjusting the drain
size of the model in accordance with the size of the domain. SEEP/W requires the
Soil Water Characteristic Curve (SWCC) and the Hydraulic Conductivity Function

(HFC) in modelling unsaturated flow problems.

Gjetvaj et al., (2009) has conducted a comparative study to assess the applicability
of 2D models in place of 3D models to evaluate the performance of horizontal
drains in improving slope stability. The results obtained by Nonveiller (1981) for
3D seepage analysis has been compared with the results obtained from the 2D
seepage analysis conducted for the same slope. In the 3D analysis, drains have been
installed at a spacing of S (Figure 2.24). In order to represent the effect of this 3D
installation, Gjetvaj et al., (2009) has calculated an equivalent hydraulic
conductivity, kq, so that the distribution of heads in the 2D case is similar to the
distribution of the heads in the 3D slope. This equivalent hydraulic conductivity for
drain material has been obtained by comparing and adjusting the head distribution
in 2D seepage analysis (Figure 2.25) with 3D hydraulic heads from Nonveiller
(1981).

Figure 2.24 The slope models with drains installed at a spacing of S and simulated
blanket drain Gjetvaj et al., (2009)
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Figure 2.25 Slope model for SEEP /W analysis (Gjetvaj et al., 2009)

Based on the analysis conducted, a relationship has been established between the
hydraulic conductivity of the drain material, kg, and the hydraulic conductivity of
the soil, ki, in terms of the thickness of the drain, 4D, total head, H, drain length, L,

and the drain spacing, S.
— L -15
T 1.2 (5) 6.09X107".....(2.4)

An approximation for hydraulic conductivity of the drain material, kq, from the

Equation 2.4:

L

kg =12.kt.o. (E) e (25)

The Equation 2.5 can be used to estimate the equivalent hydraulic conductivity of
the drain material to be used in the 2D seepage analysis. Using this relationship an
equivalent hydraulic conductivity for drain material, for a specific drain length,
spacing and soil hydraulic conductivity can be obtained. The results of the analysis
conducted varying the parameters have shown that they are in a good agreement
with the results obtained from the 3D analysis Nonveiller (1981) (Figure 2.26).
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Figure 2.26 Equipotential lines obtained from 2D and 3D seepage analysis for

different drain lengths and spacing (Gjetvaj et al., 2009)

The results further validate the use of 2D seepage analysis for real world scenarios,
with a simple but realistic approach. Besides, this methodology is more
advantageous as it required less time and input parameters compared to a 3D

analysis (Gjetvaj et al., 2009).

2.5 Effect of Vegetation on Stability of Slopes

Vegetation is the natural blessing from the nature on slopes, in maintaining the
stability. Trees, shrubs, grasses and such various kinds of vegetation have been
contributing in stabilizing slopes for years. However, the initial attempts on
accounting the effect of vegetation on stabilizing the slopes were made on 1960°s
(Chok 2008). Most of the initial attempts on assessing the effect of vegetation on
slopes were based on field observations and qualitative approaches. Studies of
Benthlahmy (1962), Bishop and Stevens (1964) and Endo and Tsuruta (1969)
opened up the pathway for more quantitative approaches. Figure 2.27 illustrates the

general effects of vegetation on a slope.
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Vegetation is an essential part of the ecosystem, has a key role in maintaining the
stability of a slope. The main functions of vegetation in reducing landslide risk of
a slope can be attributed to hydrological and mechanical effects (Morgan and
Rickson ,1995). Figure 2.27 summarizes the hydrological and mechanical effects

of vegetation on slope stability.
Hydrological effects of vegetation are (Figure 2.27);

1. Foliage intercept rainfall, causing absorptive and evaporative losses
reducing infiltration

2. Roots and stems increase the roughness of the ground and permeability
increasing infiltration

3. Roots extract moisture which is lost to atmosphere by transpiration — reduce
pore water pressure

4. Cracking in soil due to drying out may increase infiltration
Mechanical effects of vegetation include (Figure 2.27);
5. Roots reinforce the soil increasing shear strength

6. Tree roots may anchor into firm strata providing a buttressing or arching
effect

7. Weight of tress increasing the normal and downhill forces
8. Vegetation transmitting dynamic forces
9. Roots binding soil particles reducing susceptibility to erosion

Bio engineering concepts of slope stabilization are becoming popular due to
number of advantages. Roots improve slopes by both mechanically and
hydrologically by means of different soil vegetation interaction process (Gray and
Sotir 1996; Yildiz et al., 2018). Roots systems penetrate the potential failure surface
and act as reinforcing agents as well as anchor the soil layers within the shallow
depths. Although the physical interpretations of these effects are simple and
straight forward, incorporating these concepts into stability analysis is still a major
challenge (Yildiz et al., 2018).
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Figure 2.27 Effects of vegetation on slopes (Morgan and Rikson, 1995)

The stability of a slope is a function of hydro — thermo — mechanical process within
the soil mass of the slope. In this process, vegetation together with climatic
conditions (rainfall, temperature, wind speed, relative humidity) determines the top
boundary condition of the slope (Figure 2.28). The amount of rainfall infiltration
into the slope depends on the behaviour of the top boundary condition (Elia et al.,
2017). In addition to this, the functions of vegetation include providing root
cohesion, controlling surface erosion and controlling infiltration of a slope (Morgan
and Rickson 1995).
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Figure 2.28 Schematic slope model showing slope — vegetation — atmosphere

interacting phenomena (Elia et al., 2017)

Use of these positive aspects of vegetation in slope stabilization is no more seldom
all over the world. Due to its low cost, aesthetic and environmental value and
sustainability, it has gained a great attention among the researchers as well as
practitioners (Gray and Sotir 1996; Rahardjo et al., 2012; Jotisankasa et al., 2014).

25.1 Mechanical Effects of Vegetation

Vegetation has number of mechanical effects on slopes. Plant roots reinforce the
soil due to their tensile strength and adhesion properties (Chok 2008). The
reinforcement effect is considered one of the most significant effects of the
vegetation on the stability of slopes (Greenwood et al., 2006). Root matrix also
binds the soil mass together and result in increasing confining stress within the soil
— root system (Chok et al., 2008).
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2.5.1.1 Effect on Shear Strength of Soil

Presence of plant roots in the soil is identical to the effect of reinforcement in a
concrete element. In the same way, steel bars enhance the tensile and shear capacity
of the concrete, plant roots tend to increase the shear and tensile capacity of the
composite plant-soil system. This effect of root reinforcement on the soil is treated
as an increment in the apparent cohesion (Chok et al., 2008; Morgan and Rickson
1995). It is generally said that the roots have no effect on the friction angle, due to
their random orientation (Gray and Leiser 1982). Tengbeh (1989) found that the
friction angle of sandy soils are slightly increased by plant roots, whereas no such
effect on clayey soils were found. Hence, the strength contribution from the plant

roots by the soil is treated as an increase in the cohesion component of the soil.

Deeper the roots penetrate in the soil, thicker the zone of enhanced cohesion (Chok
etal., 2015). The depth of penetration of the root system depends on type of species,
soil type and condition of the growing environment (Greenwood et al., 2006).
Kozlowski (1971) reports 1 — 3 m depth of root zone, for trees and shrubs, as the
most widely reported range. Root morphology and architectural traits too have a
direct impact on the additional shear resistance provided to soil (Nilaweera et al.,
1999; Ghestem et al., 2014). The study reveals that the number of roots presents
and branching is more significant in enhancing the soil shear resistance than the
effective area of the root. When different root architectures are present, their
combined effect is greater than the individual effect of each architecture. However,
it is strenuous to determine the individual effect of each and every root architecture.
Hence, it is more reasonable to consider the global effect of the root system on the

stability of a slope.

Waldron et al., (1977), Wu et al., (1979), extensively analysed the root breakage
during a shear failure. The roots within the shear zone are elongated and subjected
to tensile stresses (Figure 2.29). These mobilized tensile stresses in the roots act as
stabilizing forces on the soil. The normal component, t,, result in increasing the

confining stress of the soil mass and thereby mobilizes the additional shear
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resistance. The tangential component, t;, directly acts against the driving shear force

acting on the soil mass.

ENI
5%

Figure 2.29 : Schematic diagram of the stresses in the root during shear (Dias et
al., 2017)

Based on number of assumptions Wu et al., (1979) and Waldron (1981) proposed
that the shear strength contribution from the roots can be treated as an increase in
cohesion and consequently can be added to the Mohr — Coulomb equation. The
following expression was developed to represent the shear strength,t, of root-

permeated soil.

T=c+AS+o,tan® ... ... .. (2.5)

where, ¢ = cohesion of the soil: @ = friction angle of the soil and a,,= normal stress

acting on the shear plane.

Quantitative analyses on the impact of root density on shear strength were further
studied by different researchers (Ziemer 1981; Coppin and Richards 1990). Coppin
and Richards (1990) proposed the term Root Area Ratio to account for the root
density within a considered soil mass. The root area ratio is calculated counting the
number of roots within a size class in a given area of soil mass.

n;a;

A
Root Aria Ratio (RAR) = Ir = T (2.6)

45



where; n; = number of roots within the size class : a; = mean cross — sectional

areaof arootinsizeclass | : A = area of the soil mass considered

Depending on these studies, the following expression has been developed to
evaluate C;, the additional cohesion provided to the soil mass by the root system

due to the effect of reinforcement.
Cr =0, 2 (sin6 + cosOtand)......(2.7)

Where; o,= the mobilized tensile stress of the root fibre at the failure plane: 6 = the

angle of the shear distortion in the shear zone.

(sin@ + cos 6 tan @) is relatively insensitive to the angles 0, ® and is close to 1.2

(Wu et al., 1979; Gray and Sotir 1996). Hence, the Equation 2.7 is modified:

Schwarza et al., (2010) conducted further studies on root tensile strength. Based on
their studies, it was found that the roots are progressively failed at different strains
and stresses and these stresses are less than the tensile strength of the roots, Tr. The
mobilized tensile strength at the time of failure is around 40% of Tr. The equation
2.8 was further modified using the average tensile strength of the root, Tk.

r

C, = 0.4T, (%) N X))

There are other models developed assuming different root orientations (Gray and
Leiser 1982; Wu et al., 1988b). However, Gray and Ohashi (1983) showed that the
perpendicular orientation of roots provides the comparable reinforcement to
randomly oriented roots. Therefore, the perpendicular root model is still used
widely due to its simplicity as well as acceptability of results.

Based on the results of these studies, Coppin and Richards (1995) modified the
Mohr — Coulomb equation to account for the shear failure of vegetated soils,

treating enhanced soil strength as an increased in the apparent cohesion, C;.

46



S=C"+ C-+ (o, —w)tan®' ... ... ... ... (2.10)

Where; S = shear strength of the soil: C’ = effective cohesion of the soil: a,, =

normal stress: U = pore water pressure: @' = effective friction angel of the soil.

Figure 2.30 indicates the comparison of shear strength of a rooted soil and a root

free soil.

Rooted soil

Shear strength, s

O
\

——e- N Orm al stress, o

Figure 2.30: Increase of soil shear strength due to the effects of roots (Copping
and Richards, 1995)

2.5.1.2 Effect of Root Suction on shear strength

The additional stability effect provided by the root reinforcement is considered as
a constant apparent cohesion increase, in performing conventional slope stability
analysis. However, it has been found that the fundamental mechanical properties
such as root tensile strength, root pull out resistance and tensile modulus are suction
dependent (Jotisankasa et al., 2018). A model has been proposed to predict the
changes in root cohesion corresponding to the changes in suction. The study further
reveals that the effect of suction on root tensile stress and root tensile modulus can
be either positive or negative. It depends on the suction level and the plant species.
Mahannopkul and Jotisankasa (2019) showed that the rate of increase of root
cohesion with increasing root concentration is higher around the suction values of

10 — 30 kPa. Mahannopkul and Jotisankasa (2018) have carried out extensive
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studies to investigate the effect of root and soil suction on vetiver grass. The results
of the study have been used to estimate the suction effect on hypothetical root
reinforced slope. Tensile strength of the roots of which had a diameter of about 0.2
mm, has been found decreasing with increasing root suction. For larger diameter
roots of around 1.0 mm diameter and above, tensile strength remains unaffected by
the variation of root suction. The lowest shear strength is expected when the root
suction increased and the soil suction decreased. The outcome of these studies
shows that the contribution of root cohesion is no more a constant parameter and

subjected to change with soil moisture variation.

Pallewatta et al., (2018) proposed a mathematical model to incorporate both root
reinforcement and soil suction in calculating shear strength. The experiments
conducted at various suction levels including null suction, have clearly
demonstrated the inter dependency between the root reinforcement and the suction
surrounding the soil. Under the saturated conditions, root reinforced soils have
shown a shear strength improvement of 5 -8 kPa and when tested under suction
levels of 50 - 100 kPa, the shear strength improvement of the soil is around 10 — 15
kPa. Based on the results of the study, a mathematical model has been formulated
incorporating root geometry, root mapping and failure pattern observed during
shearing. The predictions done using the model were in good agreement with
experimental results (Figure 2.31).
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Figure 2.31 Comparison of model predicted and experimental values
(experimental values are represented by open symbols and predicted values by
continuous line, Pallewatta et al., 2018)

2.5.1.3 Effects of Root System on Soil Water Characteristics curve and

Permeability

Jotisankasa and Sirirattanachat (2017) have conducted studies to assess the impact
of grass roots on soil water retention curve (SWRC), saturated permeability, k, and
permeability function of two soil types: low plasticity silt and clayey sand. The
findings of the study reveal that the hydraulic behaviour of the soil has been affected
by the grass root in the range of pore size greater than 1.5 mm, for suction less than
1 kPa. Within the lower range of threshold root bio mass, saturated permeability
has increased and air entry value has reduced. Beyond the threshold value of the
soil bio mass, saturated permeability has reduced and air entry value has slightly
increased for low plasticity silt. However, no such significant variations of the
hydraulic parameters have been observed in the clayey sand.

Leung and Ng (2013) and Leung et al., (2015) have done comprehensive studies to
investigate the effect of plant evapotranspiration on soil suction. Leung and Ng
(2013) has shown that the depth of influence of root suction during
evapotranspiration process is shallower than 200 % of the root depth (i.e. for root
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zone with a depth of 1.2 m the influence area is around 2.0 m). The outcome of the
study further shows that the process of root water uptake is more or less governed

by climatic variations than the root suction.

Ni et al., (2019) has proposed a model to account for possible influences of root
growth and decaying, on hydraulic conductivity of coarse-grained soil. The model
captures the variation of void ratio of the soil with respect to root growth and
decaying. This relationship has been incorporated into a void ratio dependent
SWRC model.

2.5.1.4 Experimental Studies on Root Reinforcement

Ali and Osman (2008) have carried out experimental studies to assess contribution
of plant roots to improve the cohesion. Set of large scale direct shear tests have been
carried to study the reinforcement effects of different plant species on soils. Four
different type of species (Vertiveria zizanoides, Bauhinia purpures, Leucaena
leucocephala and Bixa orellana) were allowed to grow for 6 to 12 months, in
specially fabricated boxes, in which the soil collected from a slope area was
compacted (Figure 2.32). Then the samples were tested in an especially fabricated
large direct shear box (Figure 2.33) along with some control samples (samples with
no vegetation). All the samples were fully saturated in a specially designed
saturation box prior to conduct the direct shear tests in order to remove the effect

soil suction.
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Figure 2.32 Perspex boxes for preparation of samples (Ali and Osman 2008)
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Figure 2.33 specially fabricated large shear box (Ali and Osman 2008)

The direct shear box is fixed with tip tensiometers to monitor the suction during
shearing. Different normal loads (10 kPa, 20 kPa, and 30 kPa) have been applied
using a hydraulic pressure system.

Results have shown that the roots of all the plants studied, have significantly
contributed to improve the shear strength of the soil (Figures 2.34 and 2.35). Results
also confirmed that the cohesion rapidly increases when the length of the root
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system increases. This is evident by the significant improvement in the cohesion

from six months to twelve months (Figure 2.34).

¢ (kPa)

Control 0.1m 0.5m 0.9m
Depth of Samples

| @ 6 Months @ 12 Months ]

Figure 2.34 Values of cohesion for Vetiver at various sample depths (Ali and
Osman 2008)

L.leucocephala
@ B.purpurea
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Figure 2.35 Values of cohesion at various sample depths for different plants (Ali
and Osman 2008)

Yildiz et al., (2018) has conducted studies to investigate the behavior of root —
permeated soils exhibiting dilative characteristics. The studies have shown that the
peak shear stress of a root reinforced soil depends on the dilatancy, voids ratio,
biological parameters of the roots and other soil related mechanics. However,

extensive research in this area still needed to quantify the findings.
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2.5.1.5 Numerical Studies on Root Reinforcement

Chok et al., (2015) has carried out extensive studies to analyze the effect of
vegetation in enhancing the effective cohesion of the soil. The effect of increased
apparent cohesion, due to the presence of plant roots has been assessed using
slope64, a finite element method developed by Griffith and Lane 1999. The finite
element model is based on elasto—plastic, stress—strain Mohr—Coulomb failure
criteria. Factor of safety is defined as the parameter, by which the original shear
strength should be divided to bring the slope to instability (Griffith and Lane 1999).

!

L (211
Ct 705 (2.11)

4

I -1
Pr = tan <F05> e e e (2.12)

where; Cf’: effective cohesion at failure : C'= effective cohesion : cp}: effective

friction angle at failure : @'= effective friction angle

The effect of root reinforcement is taken into analysis using the Equation 2.13,
where total cohesion, Cr, which is the summation of root cohesion, C,, and effective

soil cohesion C"'.
Cr=C"+ Cyun .. (2.13)

Two separate analyses have been performed to assess the effect of spatial variability
of vegetation as well as effect of root cohesion, on the stability of a soil slope. To
assess the different consequences of the spatial variability of vegetation a
homogeneous slope of 2H: 1V with homogeneous conditions of » = 20 kN/m3, ¢'=
1 kPa and @’= 25° has been assumed (Figure 2.36). Analyses have been conducted
for different cases (Figure 2.37). Root zones have been defined at different locations
of the slope. Influence zone of the root cohesion, hy, is 2 m and the root cohesion
value is selected as 10 kPa. The shaded zones in Figure 2.37 (root zones) are
assigned with total cohesion, Cr, and the bare slope areas are assigned with the

effective cohesion C’. The only parameter that is changed during the analysis is the
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location of the root zone. Results of the stability analysis performed varying the

location of the root zone, are presented in Table 2.2.

TS

Figure 2.36 Typical finite element mesh assumed for analysis (Chok et al., 2015)

Table 2.2 FoS variation with the location of root zone (Chok et al., 2015)

Case Description FOS Increase (%)
1 Bare slope 1.05 ]
) Vegetation grows on the slope surface 108 3.0
3 Vegetation grows on the slope toe 105 0.0
Vegetation grows on the slope surface and

4 1.20 15.0
toe

5 Vegetation grows on the upper slope region 108 30

6 Vegetation grows on the lower slope 105 0.0
Vegetation grows on the upper and lower

7 ) 1.08 3.0
slope region
Vegetation grows on the entire ground

8 1.25 19.0

surface
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Case 1: Bare slope Case 2: Vegetation grows on the slope surface
Case 3: Vegetation grows on the slope toe Case 4: Vegetation grows on the slope surface
and toe
AT HRRET .
""" ; === S
Case 5: Vegetation grows on the upper slope Case 6: Vegetation grows on the lower slope
region region
O R
Case 7: Vegetation grows on the upper and Case 8: Vegetation grows on the entire ground
lower slope regions surface

Figure 2.37: Slope with the vegetation at different locations (Chok et al., 2015)

The results suggest that the vegetation growth on the entire ground surface of the
slope has the most positive impact on the stability of the slope. To get the maximum
benefit of vegetation on the stability of the slope, it should be grown on the entire

slope area or at least covering the slope surface and toe (Case 4 and 8, Figure 2.37).

The other analysis investigates the effect of root cohesion on slope stability. During
this analysis, vegetation was assumed to grow on the entire slope surface. The same
slope has been modeled with C; between 1 kPa and 20 kPa, while varying hr
between 1 m and 2 m. All the other parameters have been kept constant. Results
shown in Figure 2.38. Figure 2.39 shows the effect of root cohesion on slope

stability for slopes consists of soils with different effective cohesion, C’.
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Figure 2.38: Variation of FoS with the depth of root zone (Chok et al., 2015)
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Figure 2.39: Variation of FoS with root cohesion for different effective cohesion
(Chok et al., 2015)

According to the results of the analysis, it is evident that the FOS increases with the
increasing depth of the root zone (Figure 2.38). Figure 2.39 shows that the slope
with the least effective soil cohesion has gained the maximum improvement in the
stability, after introducing vegetation. In other words, root reinforcement provides
a higher improvement in the stability in a slope with lower FoS than a slope with a
higher FoS. Analysis conducted varying the friction angle of the soil slope, while
keeping other parameters constant (x= 20 KN/m®, C'= 1 kPa and hr =1 m) also

produces similar results to the previous analysis, confirming that the root
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reinforcement provides an improvement of factor of safety for all friction angles
considered (Figure 2.40).
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Figure 2.40 Variation of FoS of the vegetated slopes with different effective
friction angle (Chok et al., 2015)

2.5.1.6 Anchoring Effect of the Roots

Soil roots aid in anchoring and reinforcing the soil structure (Tsokamoto and
Kusakabe 1984). Hence unstable soil stratums are joined to competent soil layers
by means of reinforcement piles (Cebada 2017). The amount of the anchoring effect
provides by the roots depend on the profile of the slope and the composition of the
sub soil properties. Cebada (2017) explains that the anchoring could either be
between different soil layers or between the soil layers and highly weathered jointed
rock stratums (Figure 2.41).

Nilaweera and Nutalaya (1994) shows the importance of determining the pull out
resistance of tree roots in evaluating the effect of root anchoring on a slope. Pull
out resistance of a root system is a function of root strength and root morphology
and it is increased with root length distribution and depth of root penetration
(Nilaweera and Nutalaya 1994). Greenwood (2006) shows that the roots with
multiple number of branches have a higher pull out resistance than the roots with
minimal branches. This study further suggests that root tensile strength values are
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reasonable indicators of pull out resistance. Therefore, in the absence of pull out
resistance data, tensile strength values could be used in place of pull out resistance

values, with a reasonable safety factor (Greenwood 2006).

b Soil layer
Bed rock
with cracks

™ Transitional

layer

Figure 2.41 Root anchoring in two different soil profiles (Cebada 2017)

Index of Root Anchoring (IRA), provides an idea about the effect of root anchoring
in terms of some quantitative forms. IRA is the ratio between square of the diameter
of the vertical roots to square of the tree diameter at breast height (DBH). Studies
have been conducted by Hairaih et al., (2006), to investigate impact of plant tree
species in anchoring a river bank subjected to erosion. The study has shown that
the unpruned coffee trees are more effective in providing a good anchoring force
which is indicated by an IRA value of 7.7. Other species have indicated low IRA
values denoting low efforts of soil anchoring. The results of the study also reveals
that frequent pruning of the above ground regimes stimulate the growth of near
surface roots, which are more effective in controlling the surface erosion. The study
further concludes that planting a mix of species of trees is an ideal option to protect
both the surface erosion and provide anchoring effects. Another study conducted
by Rienternberg (1994) shows that the presence of tap roots which are able to

penetrate greater depths are effective in anchoring the shear zones.
2.5.1.7 Wind Load

Effect of wind depends on the type of vegetation covering the slope (Coppin and
Richards 1995). Wind throw forces are less significant in slope stability as it
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represents a smaller proportion of the potential disturbing force (Greenwood et al.,
2004). When cluster of tress are present at a slope, trees in the middle are sheltered

by the tress at the edges, hence less exposed to wind throw forces.

Impacts of wind throw forces are significant to some extent when the wind velocity
exceeds 11 m/s. The resulting forces on the trees in a slope, could cause topple over
of trees especially when they have shallow root systems. Consequently, shallow
soil mass is disturbed and creates water ingress paths towards the slope. This can
have a negative impact on the stability of the slope (Morgan and Rickson 1995).

2.5.1.8 Surcharge

Surcharging of the slope by the weight exerts by the vegetation has both positive
and negative effects on the stability of the slope. The component of the weight
parallel to the slope direction could have a negative effect on the slope stability
while the perpendicular component could have a positive impact on the frictional
resistance of soil (Morgan and Rikson 1995). The surcharging effect is significant
only from larger trees whereas grass and shrubs do not provide such additional
weights on the slope (Morgan and Rikson 1995).

Diameter at the breast height (DBH) provides an indication of amount of surcharge
on the slope by a tree. Greenwood et al., (2004) suggests that the surcharging from
trees becomes critical only when DBH is greater than 0.3 m. For an example, a 30
m tree having a DBH of 0.8 m is likely to induce a weight of around 100 — 120 kN.
If such tree is located near the toe of a potential slip, factor of safety could be
increased by around 10%. Meantime, if the same tree was located at the top of the
potential slip plane, then the factor of safety could be reduced by around 10%
(Coppin and Richards 1990; Greenwood et al., 2004). Stokes et al., (2008) showed
that the increment of surcharge due to vegetation is negligible when compared with

soil mass and it has very little or no effect on the stability of the slope.
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2.5.2 Hydrological Effects of Vegetation

Hydrological effects of vegetation are important in modifying the ground water
table condition of the slope. Evaporation and evapotranspiration might bring the
changes in the pore water pressure regime of a slope and hence the stress — strain
condition is subjected to vary. When the stability condition of the slope is marginal,
these minor changes (i.e. reduction in pore water pressures due to the effect of
evaporation and evapotranspiration) in the pore water pressure regime would result
in maintaining the stability of the slope (Elia et al., 2017). Vegetation in the sense
act as a media, facilitating slope atmosphere interactions. Nature of the vegetation
by which the slope is covered, has a direct influence on these processes.

2.5.2.1 Evapotranspiration

The combined process of removing water from earth’s surface is termed as
evapotranspiration (Morgan and Rickson. 1995). Plant roots carry the soil moisture
from the soil to the pores underneath the leaves of the plant which is known as
transpiration. Evaporation is the direct vaporization of the water into the
atmosphere. This results in reducing the pore water pressure conditions in saturated
slopes as well as increasing the soil suction in unsaturated soil slopes. Both the
phenomenon has positive impact on enhancing the stability of a slope. However,
the quantitative effect of evapotranspiration is difficult to separate. Fatahi et al.,
(2004) has developed a model to account for the rate of root water uptake. Three
independent features are considered in this model, namely, soil suction, root
distribution and potential transpiration. The model has been validated by
conducting set of field measurements. Predicted data using the model is in good

agreement with the observed field data.
2.5.2.2 Infiltration

Reduction of the effective stress arising from increase of pore water pressures due
to infiltration is the main driving force behind most of the slope failures in tropical

regions (Hidalgo et al., 2017). Vegetation plays a key role in controlling the
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infiltration into soil slopes. Presence of soil roots, organic matter within the shallow
depths of the slope help to maintain a continuous pore system (Cepeda 2017). Plant
roots penetrating into the shallow soils create flow paths and increase the
permeability of the soil. Consequently runoff is reduced and rate of infiltration is
increased (Zhan et al., 2007). They have further compared the rate of infiltration
into a bare slope and a vegetated slope. Figure 2.42 indicates that the more
infiltration is allowed when vegetation is present in the slope. Also when a rainfall
event occurs in a bare area of the slope, soil particles are easily detached and prone

to wash off causing surface erosion.

—+— Bare arca

—— Grassed area

3.0

NEENEA

Infiltration rate (mm/h)

0 1 2 3 4 5 6 7 8

Duration of rainfall (day)

Figure 2.42 Rate of infiltration into a bare area and a vegetated area of slope
(Zhan et al., 2007)

This increase of infiltration due to the presence of vegetation has its adverse too,
on the stability of the slope. Jotisankasa et al., (2014) showed that the factor of
safety of a slope could be decreased due to increase infiltration resulting from
vegetation. The study further reveals that the variation of factor of safety also

depends on the depth of root penetration as well as angle of the slope.

Rahardjo et al., 2014 has done extensive studies to find out the effect of shrubs and
deep rooted grass on the soil. The study has proven the contribution of different

selected vegetation, reducing the rainwater infiltration into the slope and thereby
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maintaining the negative pore water pressures within the slope, during rainfall
conditions. Figure 2.43 illustrates the response of the pore water pressure regime
and FoS variation of the bare slope and vegetated slopes, with different rainfall
intensities. It is evident from the results that the formation positive pore water
pressures, even under very high rainfall intensities, is minimal in vegetated slopes.
Consequently, a higher factor of safety is maintained in the slope. The effect is more
prominent at the presence of Vetiver grass. Figure 2.44 shows the variation of
factor of safety of the slope under different vegetation conditions studied, for a one
day rainfall intensity of 22 mm/ hour. The results also demonstrate the applicability

of vegetation as a surface cover on the slope.
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Figure 2.43 Pore water pressure variations with rainfall at different depths for (a)
bare slope, (b) Slope with Orange and Jasmine, (c) Slope with Vetiver grass, (d)
FoS variation and (e) Rainfall intensity (Rahardjo et al., 2014)
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Figure 2.44 Variation of factor of safety variation for different slope for one day

rainfall intensity of 22 mm/hour (Rahardjo et al., 2014)
2.5.2.3 Canopy Interception

Rainfall which is in contact with the vegetation cover has two components; 1)
through fall, which reaches the ground after passing the gaps in the canopy and 2)
interception, which strikes the vegetation cover and subsequently result in stem
flow, interception storage or leaf drainage (Morgan and Rickson. 1995). The
hydrological effect of the canopy interception on a slope is attributed to the nature
of the vegetation covering the slope as well as the intensity of the rainfall. This is
because, the canopy rainfall storage capacity can directly influence the amount of
water retained by the canopy and the balance is discharged to the ground surface,

which ultimately affect in modifying ground water conditions (Yu et al., 2011).

2.5.3 Modelling the Effects of Vegetation on Slope Stability

After quantifying the contribution of vegetation to stabilise the slopes, the next
challenge is to incorporate this contribution into conventional slope stability
analysis methods. Mainly two different types of slope failures are widely
considered in the literature; shallow translational failures and deep—seated
rotational failures (Chok 2008).
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When the length of the moving mass is very high compared to its depth, the failure
mechanism is shallow translational. These slopes are analysed using the infinite
slope models. Wu et al., (1979) modified the traditional factor of safety expression
for infinite slope model, to account for the contribution from vegetation.

_ (¢"+ ¢)i+[(W+ Sy) cos B—ul ] tan @’

FOS = o w08 P el (2.14)

(W+ Sy,)sinf+D

where: C'= effective cohesion; C,= root cohesion; I= length of the slice; W= total
weight of the slice; Sw = surcharge due to vegetation; S = slope angle; u = pore

water pressure; @'= effective friction angle of soil; D= wind loading.

Wau et al., (1979) has conducted a comprehensive case study to assess the effect of
vegetation on slope stability, using the proposed Equation 2.14. A failed slope in
Alaska region in USA, has been investigated, before and after removal of
vegetation. The assumed average root cohesion to represent the effect of vegetation
was 5.9 kPa and the surcharge from the trees was 3.8 kPa. The results of the study
indicated that the initially unstable slopes have become stable after introducing the
effect of root cohesion. Consequently, removal of forest in the slope region had led
to slope instability. The results predicted based on the proposed model were in good

agreement with the observed behaviour of the slope.

The initial concepts proposed by Wu et al., (1979), Waldron (1981), have been
further developed by succeeding researchers considering various other factors
(Sidle 1992; Wu and Sidle 1995). Wu and Sidle (1995) shows that the accuracy of
the results obtained from the proposed models are highly dependent on the spatial
variability of some parameters (e.g. cohesion, friction angle, saturated hydraulic

conductivity, soil depth).

However, use of conventional limit equilibrium models to analyse the effect of root
cohesion on slopes may not always produce agreeable results. Predefinition of the
critical slip surface would not be valid due to the complex behaviour of the root
zone. Chok et al., (2008), Chok et al., (2015), have develop finite element approach
to model the effect of root reinforcement on slopes. Root cohesion is integrated into
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the analysis and the FoS is determined based on the concept explained in Griffith
and Lane (1999).

Dharmasena et al., (2015) have modelled the root system using reinforcing
elements of appropriate length and direction in the form of soil nails. In the plane
strain analysis this root system was assumed to exist at 3m intervals. The roots were
modelled as nails of drill hole diameter 50 mm and tensile strength of 200 kN
(Figure2.45).
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Figure 2.45 Root configuration used in the analysis (Dharmasena et al., 2015)

The results of the analysis conducted shows that roots need to grow deeper and
should present in close spacing in order to provide a similar effect that of soil
nailing. In a prolonged rainfall where shallow failures would occur due to complete
loss of suction or perched water table condition the simulated system of roots were

effective in maintaining a reasonable safety margin.

In tropical humid climatic conditions, the soil profiles extend to greater depths of
around 30 m (Collison and Anderson 1996). The failure mechanisms of these slopes
are rotational or circular and the failure plane is encountered well below the root
zone (Chok et al., 2008). Also the ground water table in these regions are very deep.
Hence, the effect of Matric Suction plays a vital role in maintaining the stability of

the slope. In such cases, the use of infinite slope model is inappropriate to assess
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the stability of the slope. In analysing deep seated failures, methods proposed by
Greenwood (1983) based on the ordinary method of slices or the SLIP4EX, the
excel programme developed by Greenwood (2006), can be utilized. This
programme also inclusive of provisions for consequences of hydrological changes,

wind loading and surcharging on slope stability.

2.6  Summary

Number of studies that have been carried out by various researchers to evaluate the
stability of slopes with the installation of sub surface drains (Lau and Kenny 1983;
Rahardjo et al., 2002; Rahardjo et al., 2012). Most of the early analyses have been
conducted using limit equilibrium approaches. Attempts have been made to
integrate finite element approaches to model the effects of horizontal drains in
improving slope stability (Cai et al., 1998; Gjetvaj et al., 2009). However, the
majority of the studies conducted are based on 2D theories based on plane strain
formulations. Comprehensive 3D modelling of the effect of horizontal drains in
improving the slope stability seldom exist. A numerical 3D model validated with a
real case study has not yet been conducted up to date.

Quantification of the effect of vegetation in slope stability is a topic of interest
among the researchers over the past three to four decades (Wu et al., 1979; Coppin
and Richards 1990; Morgan and Rikson 1995; Greenwood et al., 2006). Various
empirical and mathematical models have been developed up to date to account for
the contribution of vegetation in enhancing shear strength of soil (Waldron 1977;
Wu et al., 1979; Pallewatta et al., 2018). Number of attempts have been taken to
incorporate the increased shear capacity of the soil root system, in slope stability
analysis, using both limit equilibrium and finite element approaches (Wu et al.,
1977; Greenwood 2006; Chok et al., 2004, Chok et al., 2015, Dharmasena et al.,
2015). The results of these studies have proven the existence of positive effects of

vegetation in enhancing the safety margins of both man—-made and natural slopes.

The combined effect of vegetation and horizontal drains in improving slope
stability has not yet been extensively presented in literature. The study presented in
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the forthcoming chapters is aimed to model the combined effort of vegetation and
sub surface drainage measures in landslide mitigation. The results obtained from

the model will be compared and validated with a real case study.
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Chapter 3

3 DESCRIPTION OF THE CASE HISTORY

3.1 Background

Badulusirigama landslide is a slow moving landslide which may get accelerated
during heavy rainfall events. Noticeable movements in this landslide were observed
after major rainfall events in 2007, 2011 and 2012. Consequently, this was
identified as a high-risk landslide which needs immediate rectifications by the
government of Sri Lanka. Following the government’s decision, this landslide was
included in the “Landslide Disaster Protection Project of the National Road
Network (LDPP), funded by the Government of Japan, which commenced in March
2013. The main rectification measure used in this landslide is long subsurface
drains arranged in fan-like groups. Remediation of Badulusirigama landslide is
remarkable due to the usage of longer subsurface drains of about 40 - 60 m in length
as opposed to typically applied lengths of 15 to 30 m in parallel orientation.
Badulusirigama landslide was also equipped with different monitoring instruments
which are functioning since 2014 to date. Thus, this landslide is a resourceful case
history to improve our understanding on the behaviour of rain induced landslides
in the region. This chapter provides detailed information about the landslide area,
history of the landslide, geotechnical investigations conducted including

monitoring programmes and design of countermeasures to rectify the landslide.
3.2 Geomorphology and Geology of the area

3.2.1 Geomorphology of the area

The landslide is located on a gentle valley type slope. The slope angle is around 10
— 15 degrees. Top most soil cover consists of gravelly and sandy soils. Colluvium
deposits could also be observed in the body of the landslide. The area is covered

by a mixed vegetation. Shrubs, bushes and some varieties of herbal plants are
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common in the area. Isolated larger trees are also present at some locations.

Residential buildings are concentrated into the toe area of the slope (Figure 3.2).

Badulusirigama Uva- Welassa
village ;f-n.University

Area of
Landslide

Figure 3.1 Location of the landslide (Nishikawa and Balasuriya, 2016)

i o i
IO TEm

Figure 3.2 Aerial Photograph of Badulusirigama area (JICA Report, September
2015)
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3.2.2 Geology of the area

3.2.2.1 Regional Geology of Sri Lanka

Approximately, 90% of the basement rocks of Sri Lanka are composed of highly
crystalline, non-fossiliferous rocks. Based on the rock types, metamorphic grade
and isotopic characteristics, the crystalline crust of Sri Lanka has been subdivided
in to four main Lithotechtonic units namely Highland Complex (HC), Vijayan
Complex (VC), Wanni Complex (WC) and Kadugannawa Complex (KC). Figure
3.3 shows the different geological complexes of Sri Lanka and the location of the

Badulusirigama area within the zone of Highland Complex on the map.

" @ :
Miocene Limestone

5

Wann Complex

Kaougernaws Vijayan Complex
Compes

Highland Complax

* Badulusizizama

Figure 3.3 Geological complexes of Sri Lanka and location of Badulusirigama site
3.2.2.2 Local Geology of the area

Landslide area of Badulusirigama lies within the Eastern part of Highland Complex.

This complex is composed of two main types of rocks, namely meta-sedimentary
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and meta-igneous (Cooray, 1984). In addition to that, Garnet Biotite Gneiss and

Hornblende Biotite Gneiss are common rock types.

Badulusirigama area is located adjacent to the Uwa Wellassa University from east.
The geology map (Figure 3.4) affirms that the location is bounded by two prominent
shear zones where the rock can be structurally weakened and hence, more
susceptible to the weathering process. According to the literature, Charnockitic

Gneiss rock is abundant in the region.

Figure 3.4 Geology map of the area
Overburden Soil

Overburden soil of the area comprises with both colluvium and residual soils. In
general, top layers of northern part of the site were formed with paleo landslide
debris. This colluvium soil deposits contain - some boulders. Reddish brown
residual soil is a prominent feature with weathered quartzitic bands. It is commonly
observed that the weathering product of quartzite is reddish brown in colour.
Borehole data indicate that the bedrock of this area is variably weathered and thick

layer of completely weathered rock was encountered in several borehole locations.
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It can be described as weathered granular or cohesive soil in a friable condition with
only fragments of rock texture and structure preserved. General gneissic rock
appearance of multicolored interbedded texture is dominant with reddish brown,

orangish brown, grayish white colours.
Bed Rock

Generally, the rock level is encountered around at depth of 18 m - 20 m . Rock
planes are oriented to North West direction with south west dipping. According to
the investigation data, Calc Gneiss rock is identified along the area.

3.3 Description of the Landslide

The landslide area comprised of multiple stances of slopes along the slopping
direction. The ground surface was highly deformed and consisted of water
stagnating areas, streams as well as depressions. Remittance of former landslide

debris were also observed.

3.3.1 Failure mechanism

Rupture surfaces had been formed in layers composed of low strength material. The
continuous creep movement of the mass had further decreased the shear capacity
of the rupture zone. In addition, presence of deeper cracks have promoted deeper
infiltration of water into the mass and water accumulated in those cracks had
resulted in generating positive pore water pressures, encouraging the slope

instability.

3.3.2 Historic Events

Badulusirigama landslide is a slow moving landslide, accelerated by heavy rainfall
events. Some movements had occurred during the rainy seasons of 2007, 2011 and
2012. However, the movement pattern was irregular. Some local failures occurred
in the retrogressive manner were also visible within the landslide. Excessive rainfall

is the main triggering factor behind the failure mechanism. During the heavy rainy
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season in 2012 landslide was reactivated causing subsidence in the road and

structural damages to the houses within the area.

3.4 Implementation of Mitigation measures

The government of Sri Lanka identified the necessity of applying immediate
counter measures to rectify the slope movements at Badulusirigama. In view of this,
site was included under “Landslide Disaster Protection Project of the National Road
Network (LDPP), which was funded by the Government of Japan. This project was
initiated with the purview of rectifying selected landslides associated with major

national roads in seven districts of Sri Lanka.

3.5 Site Investigation Programme at Badulusirigama

Site investigation comprised of a series of surveys to collect information of the
landslide. The information is gathered through field visits, geomorphological
survey, borehole survey and geophysical survey. Figure 3.5 shows the site
investigation plan with selected locations for borehole survey and section lines

along which the geophysical surveys had been carried out.
Geomorphological Survey

This comprised of topographic survey, cross sectional survey and an Unmanned
Aerial Vehicle (UAV) survey. The UAV survey data had been used to develop the
Digital Elevation Model (DEM) of the site.

Borehole Survey

Five boreholes had been drilled at selected locations (Figure 3.5) in order to identify
the subsurface conditions as well as to grasp an idea about the location of the slip
surface. Standard Penetration Tests (SPT) had been carried out at 1.0 m intervals to
determine the formation of geological structure and presence of weak planes in
terms of strength. These drill-holes were then utilized to install other different
monitoring instruments for further monitoring purposes. The instrumentation

includes inclinometer guide pipes, pipe strain gauges and water level sensors. The
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predicted subsurface conditions at the site along with the possible failure planes are
shown in Figure 3.6 and Figure 3.7. The selected cross sections are indicated in

Figure 3.5.
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Figure 3.5 Selected investigation locations and survey lines (JICA Report,
September 2015)
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CROSS SECTION OF BADULLA LANDSUIDE
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Figure 3.6 Cross section along Al1- A2 (JICA Report, September 2015)
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Figure 3.7 Cross sections along B1-B2 and C1-C2 (JICA Report, September

2015)

76




Geophysical Survey

Seismic Refraction Surveys and Resistivity Surveys had also been conducted along
the selected sections of the site (Figure 3.5). Results of the electrical survey data
were mainly utilized to investigate the ground water conditions including the
locations of aquifers and to confirm the information gathered by the geological
surveys. Figure 3.8 shows the results of a resistivity survey conducted along a

selected cross section.

CROSS SECTION OF BADULLA LANDSLIOE
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Figure 3.8 Resistivity contours on a long section along the landslide (JICA
Report, September 2015)

3.6 Monitoring programme Conducted at the site

A comprehensive monitoring programme was conducted at the site to discern the
movements of the soil mass. In this regard, different monitoring instruments had
been set up at the site to measure the daily rainfall, mass movements as well as the
water table variation within the sliding mass. The monitoring instruments installed

at the site are summarized in Table 3.1.
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Table 3:1 Instrumentation at the site

Monitoring Description
instrument
Rain Gauge A rain gauge has been installed to measure the daily rainfall
record.
Ground Water Ground water level meters were installed in boreholes (BB) 3 and
level meter 5 (Figure 3.5).
Extensometers Extensometers were used to monitor the relative displacement of

the slide. At Badulusirigama four extensometers had been set up
in a direction parallel to the slide. The locations of the four
extensometers are indicated as SB 01, SB 02, SB 03 and SB 04.
(Figure 3.5).

Inclinometers Borehole inclinometer had been installed at BB 04 (Figure 3.5).
The lower end of the grooved casing had ben grouted to the bed

rock to ensure the rigid contact with the bed rock.

Pipe Strain Pipe strain gauge had been installed at BB 01 (Figure 3.5).
Gauges Changes of the strain of the pipes were used to detect the
movement.

3.7 Interpretation of the Investigation Results

Direct and indirect geo surveys conducted at the site reveals that the
Badulusirigama landslide covers a relatively large land area. The width of the slide
is about 120 m, length is around 500 — 600 m and the depth of the failure plane
varies in between 10- 20 m. The whole moving mass was divided to three blocks
namely upper slide, middle slide and lower slide (Figure 3.6). This was based on
the tension cracks which were observed in the ground surface and findings of the
geophysical investigations. The top most soil layer at the site is formed of colluvium
materials and has a thickness of around 10 — 15 m. The colluvium layer is followed

by a completely to highly weathered rock layer and the thickness of this layer is
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around 15 — 25 m. Highly to moderately weathered rock layer encountered at a
depth of around 25 — 30 m at the site according to the investigation results. The
interpreted sub soil profile based on the geological survey data is shown in Figure
3.6.

The ground water table had been encountered at an average depth of around 6 — 7
m at the investigated locations and confirmed by geophysical survey results.
However, presence of shallow water table conditions and stagnant ditches have also
been observed at some locations (Figure 3.6 and 3.7). Existence of local unconfined
aquifers are perceptible from the results of the resistivity survey (Figure 3.8). in
addition BB 05 had indicated a ground water level 2.5 m below the ground level

during significant precipitation events.

Results of the monitoring programme indicate slight movements of the landslide
when excessive rainfall events were present. The extensometers installed at the
upper slope area (SB 03 and SB 04) had indicated that the slide was actively moving
during the heavy rainfall in December 2014 (total cumulative rainfall of 622 mm
during 18 days). Meanwhile, extensometers at the bottom of the slope (SB 01 and
SB 02) had indicated compression displacements which denoted that the slide was
rotational in nature. In addition to this, inclinometer and the pipe strain gauge which
were installed at BB 04 and BB 01 respectively had shown some displacements
corresponding to rainfall events. The inclinometer data showed some relative
displacements at a depth of around 9 — 10 m from the ground surface and strain
gauge indicated displacements at a depth of 12- 13 m from the existing ground
level. These evidences confirm the occurrence of active movements of the landslide

in response to excessive rainfall events along the potential failure plane.

3.8 Stability Assessment Conducted

Based on the information obtained in terms of different investigations, an initial
stability assessment had been conducted. A summary of the stability assessment

conducted by the LDPP design team is shown in the Table 3.2.
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Table 3:2 Summary of the initial stability assessment (JICA Report, September

2015)
Stability AnaIyS|s for Landsllde

ey overie s Uporse
Formula Modified Fellenius Method

Factor of Safety Fs - 0.98 0.98

Proposed Factor of Safety  P-Fs - 1.20 1.20

Length of slip surface L m 184.092 402.094 Under
Area A m? 1714.96 3879.11 Investigation
Normal Force N kN/m 30251.4 68746.6 |

Pore pressure u kN/m 9'}62“'.2 23641.6

Pore pressure(drainage) Up kN/m 1819.6 7574.7

Resistance force S kN/m 4496.732 10737.346

Resistance force(drainage) Sp  kN/m 5526.178 13129.725

Tangential force T kN/m 4588.502 10956.471

Cohesion C kN/m 10.0 10.0

Shear resistance angle @  degree 7.39 8.47

Wet weight . kN/m3 18.0 18.0

It is evident from the results that the upper and middle blocks of the landslide have
factor of safety values of 0.98 each. However, it seems that the cohesion and friction
angle values used to define the shear behaviour of colluvium, in the LDPP design,
differ from the nominal values generally obtained for colluvium found in Sri Lanka.
In general, Sri Lankan colluvium soils possess a slightly high friction angles and

lower cohesion values even in the residual state.

3.9 Design of Mitigation Measures

According to the information obtained from the filed investigation surveys and
monitoring programme it was apparent that the Badulusirigama landslide was a
slow moving (creep) deep seated landslide in which the movements were
accelerated during the periods of heavy rainfall. The main triggering factor is the

prolong rainfall and consequent rise of the phreatic surface. Apart from this
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development of perched water table conditions, increase of loading above the
failure surface as a result of stagnant water bodies, were the main causative factors
leading to slope movements. Therefore, the foremost focus when designing
mitigation measures was to control the rise of ground water table during heavy

precipitation events and direct the surface water paths away from the slope.
Subsurface Drainage Measures

The main objective of introducing subsurface drainage was to lower the rising
ground water table during infiltration events. In this context, altogether fifty one
(51) number of subsurface drains have been installed at the site. The drains have
been grouped in fans named from A to F. The first three fans (i.e. A, B and C)
composed of eight (8) drains and the rest has nine (9) drains each. The drains are
about 10 degrees inclined to the horizontal plane. Figure 3.9 presents a plan view
of the subsurface drainage arrangement. Surface drain arrangement is also shown
in the figure. Figure 3.10 shows the elevation of each drainage fan in relation to
section Al- A2.

81



orizontal Gravity Drains
45m*B=Total360m

B2

Horizonta! Grovity Drain
45m*B=Total360m

orizontal Grovily Drains
45m*B=Totcl360m

= >

BITY

orizontal Gravity Drains

our 50m *@=Total540m
<

T-0FF Drain
8300 H300 L135m

c2

orizontol Gravity Drains

1 . Dral
BGOY H500 L69m & %, . o erizontel Gravity Drains
» S85m*9=Total495m

CUT-OFF Dra
8300 H300 L&Sm

- CUT=OFF Drainrsy

> _“CUT-OFF Droin
(BE00 HE00 L103m

LEGEND p300 K300 Ligm 7
ommnm cu oerro'- ;&
- , R
7 B300 H300 L67m" —"-\ . 3
/T AREA OF LADSUDE A%
e LB A asooov:.;oo LB4m
5 Z
35 oo woe S SN B
) L _p e v
® ome S\ PR
o oo E: EE
E i~ J—
) P g { o

Figure 3.9 Plan View of the subsurface drainage improvement (JICA Report,
September 2015)
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Figure 3.10 Sectional view of subsurface drains (JICA Report, September 2015)

The length of the subsurface drains are being varied in between 45 to 60 m. Drains
are designed to outbreak the potential slip surface by a distance of 5to 10 m. The
tip interval of individual drains of the fan varies from 5 to 10 m. Each fan (drainage
group) has a footprint of approximately 1800 m?.

Surface Drainage Measures

The surface drainage ditches have been designed in align with natural channels to
eliminate the infiltration and spring flow. The surface drainage measures are
presented in Figure 3.9. The total length of the surface drainage ditches are 861 m.

A summary of design countermeasures is shown in Table 3.3.
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Table 3:3: Summary of design countermeasure (JICA Report, September 2015)

Pilot Area Type of PEETH Priority Quantity Remarks
rmeasure ex.concrete
works type
Typel A 256 m 600 % 900
600 X 600
Ditch 600500
Type2 A 225 m 450 X 450
Badulu Type3 A 380 m 300 X 300
sirigama
Upper A 1080 m 45m X 8nos X
Horizontal slope LI
Drilling Upper A 1575 m (55~60)m x
slope 9nos X 3area

3.10 Need For Future studies

Badulusirigama landslide mitigation project is an exemplary case for
implementation of new mitigation measures along with comprehensive monitoring
approaches. Though the rectification measures (i.e. improvement of surface and
subsurface drainage) look very straight forward, it unfolds how the same has been

used effectively and efficiently to rectify a large scale landslide.

In this study, almost all the analysis have been conducted using two dimensional
plain strain conditions. However, a three dimensional analysis will give much
insight to the effects of non-symmetrical arrangement of subsurface drains which
are meant to address localized variations of ground terrain. Using the results of
Finite Element modelling, the current stability level of the drains, threshold rainfall
that existing drains can handle, consequences of failure (clogging, malfunctioning)
of some drains over time (this also gives an understanding on the maintenance
requirements), could be understood. It would also provide some idea about the
allowance of any excavations/constructions on and near the site and would help to
develop risk management and evacuation processes for the village and roads at the

downstream of the landslide during severe weather conditions.

3.11 Summary

Badulusirigama landslide located in central highlands of Sri Lanka, has been
identified as a critical landslide that needs immediate rectifications. The
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rectification activities of the landslide were undertaken in 2016 under LDPP in
collaboration with JICA. Prior to the design of remediation measures, a
comprehensive investigation programme was conducted at the site. This enabled
engineers to gather information required for design of countermeasures and also to
comprehend the long term behaviour of the sliding mass corresponding to time and
different climatic conditions. The investigation programme consisted of
Geomorphological Survey, Borehole Survey and Geophysical Survey. The
investigations revealed that the landslide area comprised of soft colluvium to a
depth of 15 m underlain by residual soil to a depth of about 15-20 m, underlain by
the bedrock. High ground water table as well as localized perched water conditions
were also identified from the survey. These investigation results revealed that the
main triggering factor behind the slope movement is the excessive rainfall and
consequent rise of ground water table. The raised ground water can induce
additional water pressure loads on the soil body, increase soil weight and reduce
soil strength, triggering the slope movements. Hence, improvement of both surface
and subsurface drainage measures have been proposed as the main rectification
method to mitigate the slope movements. For the subsurface drainage, six fan type
subsurface horizontal drainage structures were introduced to lower the ground
water table. The surface runoff and the drainage from subsurface drains were
diverted to lower elevations using concrete ditches.

This chapter presents the initial survey results of the land slide along with an
evaluation of the information and the mitigation measures designed and
implemented by LDPP. The chapter provides a broader understanding on the
general setting of Badulusirigama village and the landslide, site geology, current
knowledge on the site behaviour and opportunity to further the knowledge on the

rain induced landslides in Sri Lanka.

The parameters used by the JICA study were different to that used by the analyses
and designs done in Sri Lanka, but the report has presented facts to prove that the
safety margins of the slide area had been improved from an initial value given by a
FOS of 0.98 to a state with a FOS of 1.2.
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Chapter 4

4 DEVELOPMENT OF THE GEOTECHNICAL MODEL OF
THE BADULUSIRIGAMA SITE

4.1 Background

Chapter 3 presented the available information from site investigation at the site of
Badulusirigama landslide. In this chapter, the methodology followed in deriving the
subsurface geotechnical model of the Badulusirigama landslide using the
investigation data, is presented. The geotechnical model developed in this chapter
will then be used in the succeeding chapters to simulate the behaviour of the

landslide using two dimensional and three dimensional numerical models.

4.2 Assessment of investigation data

The investigation data gathered from contour survey, geotechnical and geophysical
investigations were used to deduce a subsoil profile, soil strength parameters and
potential slip surface at the site. An assessment of the data and basis for the

development of the ground model is discussed in the following sections.

4.2.1 Contour Survey

A contour survey has been conducted at site (Figure 4.1) covering the impended
landslide area. Elevation contours have been taken at every 1 m intervals along the
slope. According to the survey, the toe area of the slope is at an elevation of around
625 m — 630 m above the mean sea level and the crest of the slope is at an elevation

of 750 m above the mean sea level
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Figure 4.1: Contour survey plan of the area

Figure 4.1 presents a detailed contour pattern within the survey area. Along with
the contour plan the cross sections, B1 — B2 and C1 —C2, and a long section along
alignment A1 — A2, are also presented. . The ground profile along the long section
Al — A2 is shown in Figure 4.2. The contour map shown in Figure 4.1 was used in

developing ground surface profile in both 2D and 3D models in this study.
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4.2.2 Borehole Survey

Six number of boreholes have been advanced at selected locations of the landslide
area, along the A1-A2 long section alignment, as indicated in Figure 4.1. Table 4.1

presents a summary of borehole logging information.

Relative compactness of the sub soil layers, changes of the soil layers with the depth
and depth to the ground water table from the existing ground surface have been
derived using the borehole investigation data. Variation of SPT “N” value, visual
classification of the soil samples obtained from different depths and the rate of the
drilling fluid returning from the drilled locations were closely examined in defining
the subsoil / rock layers. Based on the information, three main subsoil layers have

been identified.

Table 4.1 Details about the location, depth of termination and depth to the ground
water table at borehole locations

Depth to the Depth of
Borehole ] o
Co-ordinates ground water termination
number
table (m) (m)

BB 01 06°59°06.9", 81°04'19.0 11.8 20

BB 02 06°59°06.97, 81°0421.1 15.4 20

BB 03 06°59°04.9"7, 81°0423.3" 19.8 20

BB 04 06°59°02.7", 81°0425.2 6.8 18.5

BB 05 06°59°01.2", 81°0427.4 7.6 20

4.2.3 Deduction of the subsurface profile

Subsurface information acquired though borehole investigation were compared
with the data obtained from geophysical surveys. It enabled the prediction of
subsurface profile with a substantial degree of accuracy. Relative thicknesses of the
subsurface layers encountered at each drilled location are summarized in Table 4.2.

Subsurface profiles at borehole locations were linked together with geophysical
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survey data to procure the continuous subsurface profile of the site. Figure 4.2

presents the subsurface profile of the site along the long section Al - A2.

Table 4.2: Interpreted subsurface soil profile of Badulusirigama landslide

Soil layer Formation / weathering Thickness (m)

condition

1 layer (top

colluvium deposits vary from 10 m to 20 m
layer)

od . .
2" layer (middle completely to highly weathered vary from 10 m to 20 m

layer) rock
3 layer (bottom highly to moderately weathered Not confirmed due to
layer) rock borehole termination

CROSS SECTION OF BADULLA LANDSLIDE

Section A1—-A2- S=1: xxx

Figure 4.2: Subsurface profile through section Al- A2

4.2.4 Determination of the active slip surface

The information from different monitoring instruments, destructive surveys and
non-destructive surveys were integrated with field observation data to locate the
potential failure plane of the landslide. Extensive monitoring instrumentation done
at the site (see Section 3.7) furnished wide range of data pertaining to the location

and the behaviour of the slip plane. Besides, the tension cracks appeared in the
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surface of the slope were also useful in determining the number of slip surfaces.
Table 4.3 gives a summary of information obtained from field instruments. Position
of the failure planes along the long section Al - A2 is shown in Figure 4.2. Location
of the failure surface in the cross sections B1 - B2 and C1 - C2 were shown in
Figure 3.7 and Figure 3.8 in Chapter 03.

Table 4.3: Summary of information from monitoring instrumentation

Instrument Location Indication Remarks
Pipe strain BB 01 Cumulative displacement at Figure 4.3
gauge 12.0 - 13.0 m from the GL
Inclinometer BB 04 Cumulative displacement at Figure 4.4

9.5—-10 m from the GL

Inclinometer BB 02 Cumulative displacement at Figure 4.5
the 9.5—11.5m from the GL

Extensometers (SB 03 SB Active movements in the Figure 4.6
04) upper slope during rainy
period in December 2014

Extensometers (SB 01 and Compression displacements Indicate the
02) rotational
type sliding

(Source: Japanese International Cooperation Agency (JICA), 2015, “Proposal for

rectification on landslide, slope failure and rock fall in pilot sites™.)

Figure 4.3 shows the cumulative displacement of the sliding mass captured by the
pipe strain gauge installed at BB 01. During the monitoring period (from 06" of
June 2015 to 27" August 2015), the total strain recorded is 58 p, with a daily
average of 0.71 p. Maximum displacement has been recorded from 09" to 10™ of
June, which is around 7.5 p. This value is well above the average daily figures

recorded. Figures 4.5 and 4.6 indicate the relative displacement of the sliding mass
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monitored from two inclinometers at BB 04 and BBO05, respectively. It further
indicates that the maximum movements have occurred after the periods of
significant rainfalls. Figure 4.6 shows the graphs derived from the readings
obtained from the four extensometers installed at the site. In conclusion, the slip
surface is identified to be around a depth of 10 — 15 m from the existing ground
level. Figure 4.6 also indicates the variation of ground water levels in BB 01, BB
03 and BB 05 of which BB 03 and BB 05 are with automated ground water level

SENSOrs.

Pipe Strain Gauge Sri Lanka, Badulla Landslide BB-1

Depth (6L}

2015/06/06

(u)

Monitoring t
Period 2015/08/27

82 days
Total Strain 58 u

Annual Average | 258.17 u /month

2015/06/09

o Period of t

5: o Maximum Strain 2015/06/10
= . 1 days
£ a ding Total

. ! V i Corrasgending Yot 15
oopls . '1“ WY Hl b o nald s bk o 1_u| | Corresponding | 7.5 u/day

1-dan-15 1Feb-15 1-¥ar-15 1-dor-15 1-May-15 T-dn-15 1-Jul-15 Strain 225 u /month
BB-1 (GL-12~13m)

Figure 4.3 Graph pertaining to pipe strain gauge at BB 01
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Figure 4.5 Inclinometer graph pertaining to BB 02
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e Graph of Extensometers and Groundwater Level for Badulla Landslide
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Figure 4.6: Graphs pertaining to extensometers (SB 01, 02, 03 and 04)

425 Ground water table

Depths to the ground water table encountered at each borehole location are given
in Table 4.1. These depths indicate that the water table generally lies within the top
colluvium layer of low permeability. The water table indicated in the boreholes is
located at a depth of more than 7 m from the ground surface. However, during the
periods of prolong heavy rainfalls, perched water table conditions had been
observed in the landslide area. In addition to this, borehole water level sensors too
have indicated a rise of ground water table after heavy rainfall events. These
perched water levels have been observed very close to the ground surface level,
indicating that about 7 -15 m rise of water level is possible at the site when under

existing poor drainage conditions.

4.3 Geotechnical model of the Badulusirigama site

Mechanical and hydrological parameters for subsoil layers were determined based
on the field SPT correlations available in the literature as well as experience gained

from similar studies conducted in the past. Table 4.4 summarizes the parameters
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derived for each soil layer. These parameters were used for soil and rock materials

for the 2D and 3D numerical analyses.

Table 4.4: Summary of soil parameters used for different layers

Parameter

Densit <
g% | B z
= g X .g 9
Layer a 29 2 | o 9 c = $ ~
= S 2 |89 = o | S g 2
€| Bis|Eg| © | g§|zT | =t
= T ® ) S 3 g 8 =
X 5 - > ; Q ¥e) <
2| 18|83 2 ~ 2
Colluvium 22 12000 0.86
15 16
Completely to 16 17 32 8.6E-2
highly  weathered
30000
rock
Moderately 20 20 40 15000 8.6E-
weathered rock 0 10

4.4  Summary

The methodical development of subsurface soil profiles and derivation of their

strength parameters were discussed in this chapter. Site investigation data such as

borehole logs, contour survey, geophysical survey and ground water monitoring

wells were considered when deriving the subsurface conditions. The subsurface soil

profile mainly consists of three soil layers; a 10 to 20 m thick colluviums layer at

the top followed by a 10 to 20 m thick completely to highly weathered rock

underlain by moderately weathered bed rock. After careful assessment of the

investigated data, the mechanical and hydrological parameters for each subsoil

layer were derived. These parameters were used as the inputs for the constitutive

material models used in numerical simulations during this study.
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Chapter 5

5 TWO DIMENSIONAL PLANE STRAIN ANALYSIS OF THE
BADULUSIRIGAMA LANDSLIDE

5.1 Background

This chapter discusses the two dimensional (2D) plain strain analysis carried out to
investigate the behaviour of Badulusirigama landslide. The complete analysis
covering the process of infiltration and seepage and the stability of the slope under
the resulting condition was done with SEEP/W and SLOPE/W software in
GeoStudeo 2012 software package. Material parameters obtained through site

investigations, discussed in Chapter 4 were used for the numerical model.

The initial model of the landslide was set up to yield pre-improvement stability
conditions similar to site observations. Then, the landslide was assessed under the
improved condition after installation of sub-horizontal drains. Further analyses
were conducted to investigate the performance of the rectified site of the landslide
during different anticipated critical rainfall weather events. The results obtained
from these analyses are presented in this chapter.

5.2 Two dimensional plane strain idealization of the site profile

A 2D plain strain analysis was conducted using the GeoStudio 2012 software by
Geo Slope international. A cross section along Al- A2 was selected so that the
section passes through the centre line of the impending landslide and represents
most critical terrain along the slope. Generally, plane strain models are adopted for
long geotechnical problems that are uniform along the longitudinal direction.
Although this condition is not satisfied by the geometric formation of the current
geotechnical problem, selecting the most critical section for the analysis and
assuming the plane strain conditions is deemed to yield worst case scenario
performance for the landslide. The 3D model developed will be discussed in
Chapter 6.
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Analysis was conducted to assess both existing conditions and the behaviour after
implementation of the rectification measures. Separate analysis were conducted for
modelling the seepage and assessment of slope stability using the different modules
available in the software.

5.3 Seepage analysis using SEEP/W module

GeoStudio 2012 software package comprise of a separate module SEEP/W, to
conduct a seepage analysis. In this module, seepage analysis can be carried out
under both steady state conditions and transient flow conditions. SEEP/W module
operates on a basis of finite element formulation which enables more complex

calculations related to both saturated and unsaturated conditions.

It is necessary to have a good understanding on the flow properties of the materials
to specify the hydrological performance for the constitutive models in the numerical
analysis. These characterizations are important to effectively guide the software to
produce results which are closer to reality. When the soil is unsaturated, flow
properties are not constant and are non- linear functions of the matric suction or the
negative pore water pressure. The two main functions required to perform a seepage
analysis using SEEP/W module are the Soil Water Characteristic Curve (SWCC)
and Hydraulic Conductivity Function (HCF). SEEP/W provides a set of functions

pertinent to different soil types, which can be used for most of the real world cases.

53.1 Soil water characteristic curve (SWCC)

SWCC describes the variation of the water content with negative pore water
pressure or the matric suction in an unsaturated soil. It consists of three main
regions, namely, boundary effect zone, transition zone and the residual zone.
SWCC provides information about saturated water content, residual water content
and the air entry value of the soil. Experimental determination of SWCC is tedious,
time consuming and requires specially fabricated laboratory equipment. Whereas
SWCC of a particular soil can be derived using pore size distribution and Atteberg
limits (Aarya & Paris 1981: Zapata 1999). Considering these characteristics of the
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soils encountered at the site appropriate SWCC curves available in SEEP/W module

was adopted in the analysis.

53.2 Hydraulic conductivity function (HCF)

Permeability of an unsaturated soil is also a function of the matric suction. Tedious
laboratory testing procedures are required to establish the permeability function of
a given soil. However, there are number of methods available to predict the
permeability function using indirect approaches. SEEP/W module provides two
indirect methods to predict the HCF of a given soil, namely Fredlund and Xing
(1994) and Van Genuchten (1980). For this analysis, Permeability function was
estimated based on the method proposed by Van Genucthen (1980).

Table 5.1 indicates the soil properties used for seepage analysis. For the colluvium
and completely weathered rock layer, SWCCs developed for silty-sand and silt
were used, respectively, in the modelling. Figure 5.1 and 5.2 illustrates the SWCC’s
and HCF’s used for colluvium and completely to highly weathered rock

respectively.

Table 5:1: Soil properties for seepage analysis

= O = c
23 & O 5 2
. s 3§ = O S ©
Formation 2 E E = = E
s & 2 7 £ 2
1.Colluvium 0.860 Silty Sand” Estimation based on VG™
2:C0mpletely 0 0.086 Silt” Estimation based on VG™
highly weathered rock
3.Highly to
moderately weathered 8.6E - 10 Saturated only material
rock

(a) "Built in function available in SEEP/W module

(b) ““Based on the estimation method by Van Genuchten 1980 available in
SEEP/W module
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Figure 5.1: SWCC used in the analysis (a) Colluvium; (b) Completely to highly
weathered rock
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Figure 5.2: HCF"s used in the analysis (a) Colluvium; (b) Completely to highly
weathered rock

5.4 ldealization of the cross section A1-A2 in SEEP/W

The hydraulic conductivity properties given in Table 5.1 were incorporated into the
geotechnical model of the site developed in Chapter 4. The integrated model was
then used to analyse the behaviour of the pore water pressure regime under different
conditions. Figure 5.3 shows the profile through the cross section A1 — A2 drawn
in the SEEP/W model. Table 5.2 summarizes the layer thicknesses. The cross
section was subdivided into three components (i.e upper slide, middle slide and



lower slide) by vertical lines 1J and KL, in Figure 5.3. This is for the purpose of the

assessment of stability which will be discussed in detail in the forthcoming sections.

200

Upper slide

Middle slide

Lower slide

Elevation (m)
=
8
I

300 350

Distance (m)

Q 650

Figure 5.3 Cross section idealized in SEEP/W

Table 5:2: details of the subsoil /rock layers drawn in SEEP/W

Layer Notation Thickness range (m)
Colluvium layer 10-20
Completely to highly weathered rock 10-20
Highly to moderately weathered rock Over 15

54.1 Boundary conditions

Figure 5.4 shows the hydraulic boundary conditions assigned to the model at the

initial stage when no drains are installed and Table 5.3 summarizes details of the
same.
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Figure 5.4 Model showing the assigned boundary conditions

Table 5:3: Description of the boundary conditions assigned

Boundary condition Type Value
PQ, RS, TU Total flux 0 m3s?
PU, QR Total head Height of the sides

5.5 Initial ground water table condition of the slope (prevailing condition)

An initial seepage analysis was conducted to set up the pore pressure profile of the
site. For this analysis ground water table was assumed to be present at a depth of
around 1 — 2 m below the existing ground level. The main reasons behind adopting
a high ground water table for the analysis are; perched water table conditions
observed at the site, indications of high ground water table in boreholes during rainy
periods and excessive movements indicated in the monitoring instruments during
heavy rainfall events. For example, the ground water table was encountered at 2.5
m below the ground level in BB 05 (refer section 3.8). The purple colour line in
Figure 5.5 indicates the ground water table.
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55.1 Initial pore water pressure profile derived from the ground water flow
analysis

The steady state pore water pressure profile of the slope, derived from the steady
state seepage analysis under the conditions discussed above, is presented in Figure
5.5.
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Figure 5.5 Variation of pore water pressure profile of the slope

The blue colour shading indicates the positive pore water pressures below the
ground water table. Yellow to orange colour shadings indicate the matric suction
profile generated through the seepage analysis. The results from the initial steady
state seepage analysis was taken as the input to transient seepage analysis,
simulated for different weather and groundwater conditions, as described in the

succeeding sections.

5.6 Stability of the slope with high ground water table condition

The stability of the slope section was analyzed using the SLOPE/W module
available in the GeoStudio 2012 software. The software is based on a limit
equilibrium formulation for stability analysis and yields a FoS for the slope based
on a specified method of slices. A coincise review of the limit equilibrium analysis
is included in Chapter 2. These analyses were done using the Spencer's method

which is regarded to possess a very accurate formulation.
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The same cross section A1 — A2 was used to analyze the stability of the slope.
Material properties used in slope stability analysis are presented in Table 5.4. These
properties were deduced based on the lithological description of the soils
encountered in boreholes, SPT N values, laboratory test results and local experience
on similar sites. These values are quite different from those used in the study done

by JICA reported in Chapter 3.

Table 5:4: Material properties assigned for stability analysis

2 -
= 5 = 5 o % T
n (o =
Formation 2 &5 s 3 = >
O o = = = <
O Q c <
T -]
1.Colluvium 2 22 15
2.Completely to highl
P y any 8 35 16
weathered rock
3.Highly to moderately
20 40 17
weathered rock

56.1 Definition of the slip surfaces

SLOPE/W module possesses several methods to define the slip surface, namely
entry and exit, grid and radius, fully specified and block specified. The applicability
of each method depends on the nature of the problem to be addressed and the data
in hand. In the case of Badulusirigama landslide, location and the extent of the slip
surface was confirmed by means of comprehensive site investigation and
monitoring programme. Hence, the fully specified slip surface definition, which
enable the user to fully define the sliding surface, was adopted. Accordingly, the
slip surfaces identified at the site during the preliminary investigations and
monitoring (Section 3.8) were pre-defined in the SLOPE /W module. The cross

section A1 — A2 is reproduced in Figure 5.6 incorporating the fully specified failure
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surfaces used for stability analysis. The analysis was carried out using Spencer’s
method, which accounts for both force and moment equilibrium.

The lines marked as S1 - S2, S3 - S5 and S4 - S5 indicate the slip surfaces

corresponding to each slide. Point O is the point about which the software computes
the moment equilibrium.

200 —

® Upper slide

Middle slide

Elevation (m)
=
8

300 350 Q 650

Distance (m)

Figure 5.6 The slip surfaces of each slide are fully defined in SLOPE/W module

5.6.2 Results of the stability analysis for prevailing conditions

Table 5.5 summarizes the safety margins obtained for each slip surface. Figures

5.7, 5.8 and 5.9 presents the slip surfaces and the factor of safety values pertinent
to each slip surface.

Table 5:5: Factor of safety values for prevailing conditions

Slide Factor of safety
1. Upper 103

2. Middle 108

3. Lower 110
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Figure 5.7 Safety margins of the upper slide
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Figure 5.8 Safety margins of the middle slide
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Figure 5.9 Safety margins of the lower slide
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5.7 Modelling the effectiveness of rectification measures

57.1 Subsurface drainage improvement

The prime activity in enhancing the stability of the slope was to improve the
drainage measures. This section examines the effectiveness of subsurface drainage
improvement in enhancing slope stability. A substantial description on the
subsurface drainage improvements done at the site has been given in Chapter 3
under the Section 3.10.1.Table 5.6 presents an outline of the implemented drainage

network.

Table 5:6: Summary of the subsurface drains constructed at the site

- k= = Angle (deg)
8 i o 5 Diameter

~ —_— <
?jﬁ’ 5 5 ﬁ 5 E of a drain In Between
— — Y— - )
g o 2 i i (mm) horizontal two

2

w < g plane drains
A 710 8 45 100 5 10
B 704 8 45 100 5 10
C 690 8 45 100 3 10
D 682 9 60 100 3 10
E 662 9 60 100 3 10
F 651 9 55 100 3 10

5.7.2 Simulation of subsurface drainage improvement in two dimensional
plain strain formation

Drains were simulated as lines in the SEEP/W model as shown in Figure 5.10. The

‘Seepage” boundary condition option available in SEEP/W module was used for
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the sub-horizontal drains. When this boundary condition is used, the software
initially assigns zero flux boundary condition at each drain and then reviews by the
maximum pressure. Thus, if the calculated pressures at the drain nodes are greater
than zero, solver automatically sets the nodal pressure values to zero. In other
words, the total heads at the nodes are always kept equal to respective elevation
head. This type of boundary condition permits the water out from the system if the
pressures in the surrounding are positive or zero. Furthermore, this boundary
condition does not allow the draining out of water in case of pressures in the
surrounding are negative. Therefore, the drain would not become a source of water
when the surrounding soil is unsaturated. This allows for the possibility of water
table drop below the level of the drains during longer dry periods, representing the
condition that would occur naturally. The subsurface drainage configuration of the

slope is presented in Figure 5.10.
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Figure 5.10 Drains simulated in the section Al - A2

Drains representing the drainage fans A to F have been illustrated as DA to DF
respectively in the Figure 5.10. Table 5.7 shows the details of the drains in the
section. It is admitted that this is a simplification of the actual three dimensional
situation at the site.
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Table 5:7: Details of the drains simulated in Figure 5.10

Drain (D) Length (m) Inclination (deg)
DA 45 5
DB 45 5
DC 45 3
DD 60 3
DE 60 3
DF 55 3

57.3 Transient seepage analysis of the slope after drainage improvement

After implementing the sub-horizontal drains in the model, a transient seepage
analyses were conducted for three cases as outlined here to investigate the effect of
the drain construction sequence on the stability improvement of the slope. The three

cases are:
Case 1: Simulating all six drains simultaneously
Case 2: Simulating top — down construction of drains
Case 3: Simulating bottom — up construction of drains

Table 5.8 summarizes the sequence of construction of subsurface drains under the
three cases considered. When analyzing Cases 2 and 3 above, a time gap of 3 days
was allowed prior to activation of the following drain to simulate the construction

time required.
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Table 5:8: Summary of drain installation sequence under each case considered

Day of installation
of drains Case 1 Case 2 Case 3

At the start All drains A F
After 03 days - AB F.E
After 06 days - AB,C F.E,D
After 09 days - A,B,CD F.E,D,C
After 12 days - AB,CD,E F.E,.D,CB
After 15 days - AB,CD,EF F.E,D,C,B,A

Pore water pressures profile deduced from the initial steady state analysis (Section
5.4) was used as the initial conditions for first transient analysis conducted under
each case (i.e. at the start). The analysis stages in each Case were linked linearly,
so that the pore water pressure conditions of the last stage is referred to set up the
pore water pressure profile for the beginning of the following stage, during Case 2
and 3.

The transient analysis was set to continue for further 30 days after the date of
installation of the final drain. Accordingly, the total time duration for each case was
48 days. The reason for extending the analysis for further time steps is to observe
the temporal variation of the pore pressures, flow rates through drains as well as
behaviour of the overall slope in terms of stability. No infiltration conditions were

simulated during the period of analysis.
5.7.3.1 Flow rate through horizontal drains

SEEP/W module facilitates the computation of the total flux within a pre-defined

section. This facility can be used to obtain the inflow to the drains. The flux can be
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obtained either using the concept of flux sections or accumulating the total nodal
flux associated with the element of interest (i.e. drain). In this study, nodal flux
values corresponding to each drain region were plotted to identify the flux from the

surrounding soil into subsurface drains.

Figures 5.11, 5.12 and 5.13 illustrate the variation of flux rate through drains for

the Cases 1, 2 and 3, respectively.

In all the three cases, a maximum initial flow rate is reported by Drain-D (DD)
which is at the mid-level of the slope. The initial flow rate of DD is about 29, 24
and 27 m®/ day for Cases 1, 2 and 3, respectively. The second highest initial flow
rate is observed in Drain-F (DF) which is at the toe of the slope, for all the three
cases. In general terms drains in the toe area of the slope have higher initial flow
rates than the drains in the top area of the slope. When compared the latter two cases
(i.e. 2 and 3), which is the most likely practical approach of construction, drains at
the lower regions of the slope have taken a slightly longer time durations to reach
the steady flow rates. Furthermore, steady flow rates of drains at the bottom region
of the slope are bit higher than that of drains in the top region. According to Figure
5.12, drains simulated in top down construction sequence (Case 2) have taken about
26 — 28 days to reach the steady flow rates. Whereas in bottom up construction
sequence, drains have achieved steady flow rates within about 18 days (Figure
5.13). Also, the initial flow rate of the bottom most drain (Drain-F) is the same for
both the cases (around 17 m®day) and it has the second highest flow rate in both
the cases. This suggests that the bottom drains are the most effective in attracting
water from the slope body. This should be compared with Table 5.9 and 5.10 where
the improvement of FOS with time as the drainage occurs is presented.
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Figure 5.11 Variation of flux rate through drains for Case 1
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Figure 5.12 Comparison of the water flux into the drains for Case 2

110



30

——Drain A
——DrainB
—0—DrainC
——DrainD
—4—DrainE

——DrainF

25 |

Water flux , m*/day
o 3

—
o

o0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Time, days

Figure 5.13 Comparison of the water flux into the drains for Case 3
5.7.3.2 Variation of the factor of safety of the slope

Variation of the factor of safety of the three slides with the time, after the sequential
installation of the drains was studied. Figure 5.14, 5.15 presents the daily increase
of the FoS with the installation of drains in two sequential construction processes
Case 2 and Case 3. Figure 5.16 and 5.17 relates this to the installation of each drain
and present it in the form of a percentage increase with respect to its initial FoS.
Table 5.9 and 5.10 summarize the progressive percentage increase of factor of
safety of each slide under the simulated construction sequences (i.e. Case 2 and
Case 3).

A key feature to note is that the achieved final FoS by either construction sequence
is the same for the respective slides. The difference is in the rate at it is achieved.
This will give guidance on the most time efficient way to achieve the improvement
on the way to the final result. This feature presented in Figure 5.16 and 5.17 is
further elaborated in the proceeding sections.
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Table 5:9: Percentage Improvement of factor of safety after drainage

improvement under Case 2

Upper slide Middle slide Lower slide
Drainage (Fint=1.030) (Fin=1.084) (Fint=1.100)
Improvement S N S S S N
—~ — /| /—/—~ ~—~ —
Flapsed Vo 10l VA Ul |21 ls | . [&
. — <3 — - — <3 A = — <3 - +
time, days) S A 5| S Nl gl s s g
| =] [ =] R || s
el Naly el Nal ¥ L&
A (03) 1.124 9.1 9.1 1.106 2.0 2.0 1.092 -0.7 -0.7
AB(06) 1.238 10.1 20.2 1.120 13 3.3 1.088 -0.4 -1.1
ABC (09) 1.252 1.1 21.6 1.162 3.8 7.2 1.082 -0.6 -1.6
ABCD(12) 1.256 0.3 21.9 1297 | 11.6 | 19.6 1.080 -0.2 -1.8
ABCDE(15) 1.271 1.2 23.4 1.389 7.1 28.1 1.086 0.6 -1.2
ABCDEF(18) 1.278 0.6 241 1.526 9.9 40.8 1.351 244 22.8

F;n¢ = initial factor of safety of the slide

F; = factor of safety at the i*" stage
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Fi - ant
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Figure 5.16 Percentage improvement in factor of safety of each slide with

sequential construction under Case 2 - top down
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Table 5:10: Variation of factor of safety after drainage improvement under Case 3

Drainage Upper slide Middle slide Lower slide
improve (Fint=1.03) (Fint=1.08) (Fint=1.10)
ment X N X X X X
o I T 5 U N I T AT R T )
ime | EO[S|ITIEE OSATIEE | T|ETE

= I I | S e NN HESRE
days) I <3 &9 23 <% <9
F (03)

1016 | -1.4 -1.4 1.213 | 119 | 119 | 1338 216 | 216
FE(06) 1014 | 0.2 -1.6 1.315 | 8.4 21.3 | 1374 2.7 24.9
FED(09) 1013 | -0.1 -1.7 1.487 | 131 | 37.2 | L.403 21 27.6
FEDC(12) 1015 | 0.2 -1.5 1542 | 3.7 423 | L427 1.7 29.7
FEDCB(15) | 118 | 166 | 14.9 1.567 | 1.6 446 | 1447 1.4 31.6
FEDCBA(18) | 1244 |51 20.8 1588 | 1.3 46,5 | 1.466 1.3 333

Fin¢ = initial factor of safety of the slide

F; = factor of safety at the i" stage
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Figure 5.17 Percentage Improvement in factor of safety of each slide under
sequential construction in Case 3 - bottom up
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Factor of safety improvement under installation sequence - Case 2- top down

As shown by Figure 5.16, a noticeable improvement of the factor of safety of the
upper slide could be observed after the installation of Drain-A (DA) (i.e. from 1.0
to 1.1; 9%) pertaining to construction sequence Case 02, Safety margins have
further increased to 1.2 since the installation of Drain-B (DB). Thereafter the
installation of successive drains did not have a significant impact on factor of safety
of the upper slide; only a little improvement has gained with the time. In contrast,
installation of first three drains does not significantly contribute to enhance the
factor of safety values of middle and lower slides. Factor of safety of the middle
slide has increased from 1.16 to 1.30 (12 %) after the installation of DD. Further
around 7 % and 10 % increments in the factor of safety value can be seen
corresponding to installation of the next two drains (i.e. DE and DF). Figure 5.16
also indicates that the factor of safety of the lower slide has not increased during
the installation of the first five drains. On the contrary, a slight decrease in the factor
of safety can be traced, within the period of first 15 days. With the installation of
the final drain DF, factor of safety of the lower slide has gained a significant
improvement by about 24%, which is indicated by the rise of the graph from around
1.1to1.4.

Factor of safety improvement under installation sequence - Case 3 - bottom up

Figure 5.17 illustrates the variation of factor of safety values of the three slides
under bottom up sequence of drain construction (i.e. Case 3). Lower slide has
gained a factor of safety improvement of about 22% since the installation of DF.
Thereon, factor of safety of the lower slide increases at a uniform rate with the
installation of rest of the drains. A factor of safety value of above 1.4 has gained
since the installation of DC. Meantime installation of drain DF caused a 12%
enhancement of the factor of safety of middle slide. Rapid improvements of the
factor of safety values are noticeable in the middle slide, soon after the installation
of DE and DD. Factor of safety has been improved from 1.2 to almost 1.3, and 1.3
to 1.48 (i.e. 8.4% and 13.1%) after the installation of DE and DD, respectively.

The factor of safety value of the upper slide has gained a significant improvement
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only after the installation of DB. During the installation of four previous drains DF,

DE and DD, factor of safety of the upper slide has increased slightly.

As displayed by Figures 5.16 and 5.17 the rate of increase in factor of safety is
comparatively faster under construction sequence of Case 3 (i.e. bottom up
construction). Both lower and middle slides have obtained significant
improvements in factor of safety after 9 days (Figure 5.17), when bottom up
construction procedure was followed. It is explicit that the highest percentage
improvement in factor of safety of each slide (upper, middle and lower) has been
gained immediately after the construction of toe drain for the respective slide. To
sum up, these observations emphasize the importance of relative location of the
drains in draining out water and improving the stability of slope within the least
possible time period.

5.7.4 Performance of the rectified slope with subsurface drainage system
during a typical rainfall event

An actual critical rainfall event (the most critical rainfall event since the installation
of the monitoring system) occurred during the period of 01% of December 2014 to
31% of December 2014 (Section 3.4) was applied on the slope to investigate the
performance of the subsurface drainage measures, during a subsequent critical
rainfall. Rainfall event was simulated as a unit flux boundary condition, varying

with time.

First, the transient analysis carried out for Case 3 was continued for some additional
time period without any rainfall, until the pore water pressures stabilize. That is;
until there were no significant variations occurred in the pore water pressure profile
in between subsequent time steps. Results were saved after each time step and pore
water pressure information of each time step was inspected to decide the
termination criteria. The phreatic surface after 30 days from the completion of
installation of drains appeared to be present below the level of the bottom most

drain (DF). Consequently, the shallow depths of the slope (i.e above the drain level)
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had become unsaturated and presence of negative pore water pressures was noted

in the slope profile.

The most critical rainfall event applied on the slope is presented in Figure 5.18.
Figures 5.19 presents the FoS values obtained in the three slides after the critical

rainfall event.
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Figure 5.18 Rainfall event from 1st December to 31st December 2014
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Figure 5.19 Variation of factor of safety of the upper slide after subsurface

drainage improvement due a critical rainfall event

As illustrated in Figure 5.19 factor of safety of all three slides remains more or less
unaltered until the rainfall event on 17" December 2014 occurs. After antecedent
rainfall events of less than 30 mm, the site area has experienced a major rainfall of
about 60 mm. Some consecutive rainfall events have occurred following the event
on 171" December. Factor of safety values have started to decrease after the rainfall
event on 17" December. The rate of decrease in factor of safety is almost same for
the top two slides, and was comparatively high for the lower slide. After the critical
rainfall event of 216 mm on 25" December 2014, factor of safety values have
significantly decreased. Still the percentage reduction of factor of safety for all three
slides is below 10. Factor of safety of the upper slide after the rainfall event on 25"

December 2014 has reduced to 1.15, which was 1.25 before the rainfall event.

Factor of safety values of all the slides tend to increase after the cessation of the
rainfall event on 25th December 2014 despite the occurrence of some minor rainfall

events. However, the rate of factor of safety gain after the total rainfall event of 30
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days was slower when compared to the rate of factor of safety improvement
immediately after the application of subsurface drainage measures. The gradual
increment of the FoS of the slope with time in the absence of any rainfall is due to
draining out of groundwater along the slope, naturally facilitated by the drains

installed.

5.8 Analysis of the composite slip surface

Another set of analyses were conducted to investigate the safety margins of a
possible composite failure surface that combines the three failure surfaces. The
three slip surfaces were identified at the site, based on the tension cracks observed
at the surface, that separates the slides from one another. However, it is also
possible that the three slides moved together through the common rupture surface
present at the interface between weak, moderately weathered rock and the relatively
strong highly weathered material. This will form one long sliding mass that starts

from the upper area of the slope and ends at the toe of the slope.

Block specified slip surface definition was adopted to define the composite failure
surface in the SLOPE/W software. In this method, slip surface is defined using three
linear segments. The slip surfaces within the failure mass are established using the
two grids defined at the toe and crest areas of the side. These lines are then extended
according to the specified angles and their incremental variations to establish the
ground surface intersection points at toe and the crest. When defining the slip
surface for this particular composite slip surface, two grid blocks were drawn within
the soil mass, encompassing the potential intersecting points of three line segments,
identified from filed investigation data. Figure 5.20 illustrates the definition of the

composite slip surface in section Al- A2.
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Figure 5.20 Definition of the composite slip surface using block specified method

Initially the stability of the composite slip surface under exiting high ground water
table conditions was assessed. Figure 5.21 illustrates the composite slip surface
with the lowest factor of safety, generated by the software in accordance with the
defined blocks of grids. The resulting composite slip surface is quite similar to an
integrated slip formed by three individual slip surfaces discussed in the previous

sections. This has a FOS of 1.068 indicating closeness to failure.

o 1.068

Elevation (m)

300 350
J Distance (m)

Figure 5.21 Factor of safety of the composite slip surface under existing

conditions
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5.8.1 Improvement of stability along the composite slip surface with the
installation of subsurface drainage measures

Improvement of stability of the composite slip surface with the installation of sub
surface drains under the sequences Case 2 and 3 was studied. When assessing the
stability of the composite slip at each construction stage, the factor of safety value
corresponding to the most critical slip was selected. Table 5.11 presents the
variation of Factor of safety under each case considered. The improvement of the
FOS with the sequential installation of drains is graphically presented in Figure

5.22. The percentage increase at each stage is also presented there.

Table 5:11: Variation of factor of safety of the composite slip under Case 2 and
Case 3

Case 2 (Fj,:=1.07) Case 3 (Fj,:=1.07)
<5 Q .§ il -~ L D E ! ~
REEH| @ I g LEE ® | g
S 58 > = T B S >3 = S I N
= 5 8 8|S IS 35 2 g 0 E
A & & LSS 558¢ Pl |1
E W <y <o) Ewm Sy <oy
~ ~—~ [~— ~ ~—~— ~—
A(03 day) 1.082 131 1.31 F (03) 1116 4.49 4.49
AB(6 day) 1.146 591 7.30 FE(06) 1176 538 10.11
ABC(9 day) 1.149 0.26 7.58 FED(09) 1298 1037 21.54
ABCD(12 day) 1271 10.62 19.01 FEDC(12) 1339 3.16 25.37
ABCDE(15day) 1.346 5.90 26.03 FEDCB(15) 1.44 7.54 34.83
ABCDEF(18day) 1.44 6.98 34.83 FEDCBA(18) 1476 2.50 38.20
ABCDEF(1month) 1.557 8.13 45.79 FEDCBA(1mon) 1578 6.91 47.75
ABCDEF
1,679 7.84 57.21 FEDCBA (3mons
(3months) (3mons) | 1688 | 6.97 | 58.05

Again the proportion of factor of safety improvement is rapid when the drains are
constructed in bottom up sequence. As per the graph (Figure 5.22), improvement in

factor of safety after 18 days period compared to initial safety factor, is 38% for
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Case 3 and only 35% for Case 2. The factor of safety obtained after a period of 30
days of construction is 1.56 (gain of 46%) and 1.58 (gain of 48%) for Case 2 and 3,
respectively. After a period of about 90 days (3 months) since the completion of the
construction of drains, factors of safety achieved under both the construction
sequences (i.e. Case 2 and Case 3) have become similar; which is indicated by
57.2% and 58% improvement in FoS compared to initial FoS for Case 2 and 3

respectively.

2.00

—4—Case 2 i Fi— F;
100 L Case 2 (top down) % improvement = (‘7“”) 100
(Active drainage fan) int
1.80 —8— Casc 3 (bottom up)
58.05%

L.70 (F.ED.CBA)

47.75%
(F,E.D,C,B,A) 57.21%

(A,B.C.D.EF)

=

=)

=
T

38.20%
34.83% (FEDCBA

45.79%
(A,B.C.D.E.F)

Factor of safety
a
S

1.30

120 | 4.49% (RE
(F)

drains

7.3%  7.58%
131% (AB)  (ABQ)

(A) 1 1 1 1 L L \/\ |

0 5 10 15 20 25 30 108
Time, days

Figure 5.22 Variation of factor of safety of the composite slip surface under Case
2&3

Figure 5.23 (a) & (b) show the pore water pressure distribution wthin the colluvium
soil layer, through the selected cross sections IJ and KL (Figure 5.21) before and

one month after the competetion of installation of subsurface drains, respectively.
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Figure 5.23 Variation of the pore water pressure profile before and after

subsurface drainage improvements: (a) Section 1J, (b) Section KL

Significant reuction in pore water pressures can be observered in both toe (Section
1J) and middle of the slope (Section KL). Phreatic surface has been dropped by 6.0
m in the toe of the slope and by 3.0 m at the middle of the slope, one month after

completion of subsurface drainage installation.

5.8.1.1 Response of the composite slip to a typical rainfall event after
rectification by installation of subsurface drainage network

The actual critical rainfall event discussed under section 5.7.4 was applied into the
slope with the composite slip surface, to find out the ability of the drainage system
to ensure the stability of the slope against that mode of failure. Figure 5.24 shows
the factor of safety variation of the slope during the rainfall event. The improving
factor of safety even during the rainfall event indicates that the rainfall events from
day 49 to day 65 have no influence on the safety margins of the slope. Factor of
safety starts to drop after the 50 mm rainfall on 65™ day. Minimum factor of safety
after the rectification measures has been recorded on the 79" day, which is six days
after 215 mm rainfall event on day 73. Nevertheless, the safety margins of the slope
is still well above the value of 1.40. Figure 5.25 shows the failure surface with the

least safety margin during the rainfall event.
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Due to the fine grained nature of the shallow sub soils, comparatively high residual
water contents prevail during the unsaturated state. Thus, when the rainfall starts,
subsurface flow channels are more easily established interconnecting pore spaces
(Collinz & Zindarcic 2004). Therefore, the probability of creating near surface
saturation zones is less likely once the flow paths are established between the drains
and the ground surface. Although the shallower depths are saturated, the excess

water is drained out. Hence, the system will reach an equilibrium state.

Figures 5.26 (a) & (b) illustrate the pore water pressure profiles, through the slope
sections 1J and KL, during the rainfall events. At the initiation of the rainfall event,
soil possesses a high infiltration capacity as indicated by relatively high initial
matric suction (around -40 kPa). When the rainfall intensity is lower than the
infiltration capacity, the water flow is governed by the infiltration capacity, i (see
equation 5.1), of the soil. Therefore, all the water will infiltrate in such conditions
(Gavin & Xue 2008)

Where, K is the permeability of the wetted zone, Sy—y is the hydraulic gradient due to

matric suction

It is evident from Figure 5.26 that there is no significant positive pore water
pressure development in shallow depths of the slope, either in the toe area or middle
region, during and after the rainfall event when the subsurface drains are installed
in the slope. Also, the absence of perched water table conditions at shallower depths
suggests that the wetting front has reached the subsurface drains at an acceptable
rate. It further implies that the hydraulic conductivity values of the top soil layers
are sufficiently high, so that the water can be effectively drained out from soil

before it gets stagnant and contributes to the rise of the ground water table.
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Figure 5.25 Most critical failure surface during the rainfall event
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Figure 5.26 Pore water pressure variation during the actual rainfall event: (a)
Section 1J, (b) Section KL

5.9 Effect of surface vegetation on the stability of the slope

In this section, the impact of selected surface vegetation cover on the slope, on the

stability was assessed. The term “selected surface vegetation” implies that the new
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vegetation was systematically introduced to existing vegetation to cover up the bare
areas of the slope. The intentions of introducing vegetation were to control the
surface erosion and increase the shear capacity of the top soil layer to withstand
possible localized shallow failures.

The effects of surface vegetation were incorporated to the model based on
laboratory tests conducted to assess the soil behaviour within the vegetated zone.
In this section, the new material parameters obtained for the vegetated soil using
laboratory tests are first described. The incorporation of effects of vegetation into

the numerical model is discussed afterwards.

59.1 Selection of the plant species

A set of plant species was selected from the central highlands of Sri Lanka,
especially from the landslide prone slopes. When selecting the plants, several
factors such as evaporation capacity, root morphology, anchoring effect etc. were
taken into consideration. From the selected plant species, several roots having
different diameters were obtained for tensile strength tests of roots. The average
diameter variation of the selected roots were 2 to 10 mm. Altogether roots from 15

different plant species were analysed.

5.9.2 Root tensile strength tests

Root tensile strength tests were conducted in the laboratory using Dynamometer
universal tensile and compression test machine (Model LW 6527, WC DILLON &
Co Inc, USA) (Figure 5.27). This device combines three functions: (1) traction

force generation, (2) measuring load and displacement, and (3) data acquisition.

When clamping the roots, a cotton textile bandage was wrapped around the griping
ends of the roots to increase the grip and to minimize the damage to the roots. The
initial root length was set to 150 mm. The root diameter was measured at both ends
and the middle using a Vernier calliper. The maximum force at the breaking point
was recorded. The following equation was used to calculate the root tensile
strength.
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where, Fmax is the maximum force (N) needed to break the root and D is the mean

root diameter (mm).

Table 5.12 summarizes the root tensile strength values obtained for different
species.

Table 5:12: Root tensile strength of selected species

No. Species Name Diameter Tensile strength
Range (mm) range (MPa)

1 Syzygium aromaticum (Clove) 1.37-2.30 40.08 — 165.01
2 Theobroma cacao (Cocoa) 2.03-2.78 48.29 — 25.77
3 Trema orientalis (Gaduma) 4.15-452 10.14 - 12.23
4 Macaranga peltata (Kanda) 2.20 - 2.60 10.31 - 11.07
5 Cinnamomum verum (Cinnaman) 442 -548 21.75-22.41
6 Mpyristica fragans (Nutmeg) 2.28 27.19
7 Calliandra calothyrsus 8.70 9.89

8 Eucaliptus grandis 5.97 -8.37 10.51 - 42.78
9 Bauhinia racemosa (Maila) 512 -6.79 9.53-10.84
10 Camellia sinensis (Tea) 8.77-10.077 3.25-2.46
11 Azadirachta indica (Neem) 5.35 17.44

1 Clidermia hirta (Kata-kalu 5 14 044

bowitiya)

13 Osbeckia octandra. (Heen-bowitiya) 5.08 9.66

14 Lantana camara (Hinguru) 6.80 5.40

15 Coffea Arabica (Cofee) 2.63-9.00 14.69 — 28.67
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Figure 5.27 Root tensile strength testing using Dynamometer

5.9.3 Modelling the root tensile strength

The contribution of the root tensile strength in enhancing the effective cohesion of
the soil was studied using the relationships discussed in Chapter 2. In this analysis,
it was decided to use Syzygium aromaticum species which is commonly known as
Clove as a possible vegetation cover for the Central highlands of Sri Lanka. The
effectiveness in increasing the shear capacity of the soil in shallower depths was

assessed using the numerical model.

Average root cohesion was calculated presuming a planting configuration parallel
to slope contour using varying spaces between lines from 0.5m to 2m. It was noted
that root cohesion was greater when the spacing between the rows of plants were a
minimum. A root area ratio, Ar/A (Equation 2.4) of 0.25% was assumed for Clove
for a depth of 2m based on field experience in calculating the average root cohesion.
Equation 2.7 was used to calculate the root cohesion of the vegetated soil. Table

5.14 illustrates the values obtain for Clove tree, for different spacing’s.
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Table 5:13: Root cohesion of Clove tree for different spacing’s

Average root cohesion (MPa) for different spacing between

Width of plant each plant row (i) (m)
row (i) (m)
2.0 15 1.0 0.5
0.5 0.010 0.012 0.016 0.020

5.9.4 Hydraulic conductivity of the vegetated layer

After introducing the proposed vegetation, the slope will ultimately experience a
mixed vegetation. Due to the presence of variable root structures representing
mixed vegetation, preferential flow paths could create in the shallower depths,
increasing the soil permeability (Ni et al.,, 2019). Ni et al., (2019) has
experimentally discovered that around 5 — 6 time increase of saturated hydraulic
conductivity can take place when grass and tree type mixed vegetation is present,
compared to that of the bare soil. Accordingly, in this study, it was assumed that
the initial saturated hydraulic conductivity of the bare soil layer is increased by

fourfold due to the combined effect of mixed vegetation.

595 Stability analysis of the vegetated slope

In this analysis, a separate layer namely, “Colluvium after vegetation” which is of
thickness about 2 m (representing the average root depth zone of Clove tree) was
introduced. This layer was assigned with the modified shear strength parameters

given in Table 5.14. A spacing of 2m was considered between plant rows.

The conditions of the slope, after the modification to account for the effect of
surface vegetation, were then considered to investigate the impact of the vegetation
on slope stability. A strength reduction factor of 1/3 was applied on the cohesion
values derived based on laboratory tests and empirical relationships to account for
possible variations in the experimental studies and uncertainty. Figure 5.28 shows
the slope profile modified after introducing vegetation.
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Table 5:14: Modified soil strength parameters after introducing vegetation

Formation I = 5§ 2B

2 28 B8a =3

OX| L & D2
1. Colluvium after Vegetation 5 29 15
2. Colluvium 2 29 15
3. Completely to highly weathered rock 8 35 16
4. Highly to moderately weathered rock 40 17

Elevation (m)
g

0 50 100 150 200 250 300 350 400 450 500 550 600 650
Distance (m)

Figure 5.28 Slope profile after introducing the effect of vegetation

Numerical model developed during the previous analysis was modified accordingly
integrating the new layer. By the time of the implementation of vegetation, the
subsurface drainage system had already been installed (Case 3) and had functioned

for a period of one month.

Factor of safety improvement of the slope corresponding to the implementation of
each mitigation measure is summarized in Table 5.15. Figure 5.29 shows the safety
margins of the critical slip surface. Hybrid measures have improved the initial
safety margins of the slope by 71% after a period of 49 days since the
commencement of the construction of drains (i.e. one month after the completion

of the drainage construction).
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Elevation (m)

Figure 5.29 Critical slip surface after implementing hybrid measures

Table 5:15 Variation of factor of safety after improving subsurface drains and

vegetation
Stability improvement measure
Subsurface drainage Subsurface drainage and
vegetation
Factor of Safety Fos (48 Fi — Fint\ | FOS(49 | (Fi — Fing\
days) %o — %
(Fin=1.07) Fint days) Fint
1.58 47.8 1.83 71
5.9.6 Response of the hybrid mitigation system to an actual rainfall event

The same rainfall event discussed under the Sections 5.7.4 and 5.8.2 was applied

on the slope rectified with hybrid mitigation measures to study its response. Figure

5.30 presents the variation of the factor of safety under the applied rainfall event.
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Figure 5.30 Variation of the factor of safety after implementing hybrid mitigation

measures, corresponding to an actual rainfall event

Response of the pore water pressure regime of the slope along the cross sections 1J

and KL, during the rainfall event is shown in Figure 5.31.
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(b)Pore water pressure distribution through KL
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Figure 5.31 Variation of the pore pressure profile of the slope after implementing

hybrid measures under the actual rainfall event: (a) Section 1J, (b) Section KL

The response of the pore water pressure profile in the shallower depths of the slope
(predominantly in the initially unsaturated zone) after implementing hybrid
measures are quite different to the same when only the subsurface drainage
network is there. Along both the investigated cross sections, the likelihood of
generating near surface saturated zones in the shallower depths are high (Figure
5.31) when hybrid measures are applied. Due to the increase in the hydraulic
conductivity in the shallow depths caused by from vegetation, a large area of the
initially unsaturated zone tends to achieve a state of saturation. Meantime, due to
relatively high permeability in vegetated soil than in the bare soil, negative pore
water pressures are unlikely to be maintained. This is a different observation from
the case without vegetation, where preferential flow paths towards the ground water
table were generated. The contrast in hydraulic conductivity at the interface of the
two soil layers (i.e. vegetated soil and bare soil) discourages water entering the low
permeable medium (bare soil), thus helping the accumulation of water in high

permeable medium (vegetated soil). Therefore, when the vegetation was applied to
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the slope, the rise in ground water table at both the slope sections investigated, is

less than 1.0 m.

5.10 Summary

In this chapter, significance of subsurface drainage measures in enhancing the
stability of the Badulusrigama Landslide was assessed in 2D plane strain
conditions. Effects of different subsurface drainage construction sequences were
discussed in detail. Performance of the mitigation measures were evaluated under
different rainfall conditions. A critical rainfall envelope leading to slope instability
at Badulusirigama landslide, after implementing hybrid mitigation measures has
been developed incorporating the past landslide records with the results obtained
from the analysis. Finally the impact of surface vegetation cover on the stability of
the slope was investigated.

The numerical analysis conducted in 2D plane strain formulation, considering
different internal and external factors that govern the stability of a slope, indicates
that the use of subsurface drainage networks in the Badulusirigama landslide has
substantially improved the stability of the slope. Improvement of the factor of safety
value of the slope is rapid when the subsurface drains are constructed commencing
from the toe region of the slope. Also, drains in the middle and toe of the slope yield
high water contents than drains in the upper part of the slope during prolong rainfall
events. In designing drains, it is pivotal to have a sound knowledge on the flow
control parameters such as hydraulic conductivity, soil —water retention behaviour
as well as the matric suction profile of the slope during prolonged dry periods. It is
explicit from the analysis conducted, that the efficiency of the drains is greatly

dependent on these parameters.

An appropriate vegetation type should be carefully selected after examining the
different impacts on the slope. Meanwhile increasing the shear capacity in the
shallower depths, root systems could create easy flow paths for water and thereby

increase the permeability of the shallow soils, which in turn has an adverse impact
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on the stability of the slope. Most of these findings could be generally applied when
studying the stability related problems in Central Highlands of Sri Lanka.

The slope seemed to possess adequate safety margins even when exposed to
excessive rainfall events, as indicated by the critical rainfall intensity vs duration

envelop developed using the numerical model.
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Chapter 6

6 DEVELOPING A THREE DIMENSIONAL FINITE ELEMENT MODEL
OF THE BADULUSIRIGAMA LANDSLIDE

6.1 Background

Chapter 5 presented 2D numerical models for stability and seepage analysis of
Badulusirigama landslide. However, as also discussed in Chapter 5, a 2D plane
strain model is not the ideal approach for the simulation of a terrain such as
Badulusirigama landslide which is highly variable in both transverse and
longitudinal directions, Therefore, in this chapter, an effort was taken to develop a
3D finite element model for the analysis of seepage and stability of the
Badulusirigama landslide. Conditions at Badulusirigama landslide hold special
challenges for a development of 3D model, which are not encountered in modelling
regular geotechnical problems. Some of them are; highly non-uniform terrain and
different in-situ stress profile compared to horizontal ground, larger area of land
under consideration and unique arrangement of sub-surface drains adopted in the
project. The techniques used to address these challenges in developing the 3D
model will be discussed in detail in this chapter. After successfully implementing
the 3D model, analyses were conducted to assess the stability of the slope with and
without sub-surface drainage improvements. Further, the response of the slope to
an adverse rainfall event after implementation of stability measures was also

studied and discussed in detail.

6.2 PLAXIS 3D software for stability modelling

PLAXIS 3D is a three dimensional finite element programme capable of simulating
different geotechnical phenomena. The programme incorporates many analysis
methods which are needed to simulate different geotechnical conditions such as
flow conditions, stress conditions and stability assessments. In this study, the

following analysis types have been utilized to generate the 3D model.
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Plastic analysis

Plastic anaylsis is a basic analysis type available in PLAXIS 3D software. This is
one of the most widely used analysis types in geotechnical practice. A plastic
analysis is performed based on the small deformation theory. For the basic soil
models, plastic analysis does not consider a limitation in time. Rather, this analysis
technique provides a continuation of computations until an equilibrium state is

achieved.
Full coupled flow - deformation analysis

Fully coupled analysis is used when it is required to analyze the behaviour of pore
pressure changes and deformation simultaneously. This method addresses the time
dependant behaviour of the problem. In a fully coupled analysis, the soil
deformations and pore pressure changes are co-dependent, where stress increments
and deformations in soil due to pore water pressure dissipation and pore water
pressure changes due to external load induced deformations are coordinated
iteratively until the equilibrium is reached. This analysis is carried out in terms of
the total pore pressure in the system; i.e. the software can generate both steady state
pore pressure and excess pore pressure components. This type of analysis enables
the generation of unsaturated zone above the water table by taking into account the

reduction in permeability and degree of saturation.
Safety analysis

In PLAXIS, safety analysis is performed based on the C — phi reduction technique.
At a given stage During a C — phi reduction analysis, the values of the soil strength

parameters are defined by a multiplier, M,

tan q)input

Cinpu
XM = =Rl (6.1)

tan @requced  Creduced

Parameters with the subscript “input” refer to the initial properties entered for the

material. At the outset of the analysis M, is set to 1. Then at the each step, the value

of M is increased by 0.1 and strength parameters are reduced accordingly, as
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shown in equation 6.1. By default, the number of calculation steps is set to 100. If
the full failure mechanism has been developed at the end of defined number of
calculation steps, then the factor of safety is equal to the value of )’ Msf. However,
the failure mechanism and the ) Msf vs. displacement curve should closely be
observed to accurately identify the development of the failure mechanism as well

as the approaching ), Msf to a constant figure.

6.3 Development of three dimensional profile for the model

The three dimensional profile of the site was developed in the model based on the
contour survey data and lithological data obtained during field investigations, as

outlined in detail in Chapter 3 and Chapter 4

In the 3D model, soil layering of the subsoil profile was developed using the
borehole elements available in the “Soil” module. Table 6.1 presents the
thicknesses of the different sub soil / rock layers. However, the facilities available
in this module cater only to build the basis shape of the slope. The more specific
variations of the ground surface that were captures by the contour survey was
introduced to the model in “structures” module in the program. This technique
allowed the featuring of some hilly areas of the slope which were especially targeted
during subsurface drainage treatment. Thus, building those features in the 3D model
enables the opportunity to observe the localized effects of the drains more

realistically.

Linear elastic perfectly plastic behaviour with Mohr — Coulomb failure criteria was
assumed for all soils layers in the model. The properties of the subsoil layer were
assigned as detailed in Chapter 04. During the safety analysis, however, the
assignment of Mohr — Coulomb material model for top most soil layer resulted in
very shallow and localized failures with lower FoS. This is due to the localized
variations of the slope and these small slides are not of interest in the current
analysis. Therefore, in order to avoid shallow failures and to direct the program to
look for overall failure surface of the slope, a thin layer of near surface zone with

linear elastic properties was defined. In this near surface zone, the elastic material
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properties were kept as same as for the rest of the colluviums soil, however, plastic
behaviour was not specified. Table 6.1 illustrates the notation used for different soil
layers in the 3D model.

Table 6:1: Notation used for different subsurface layers in 3D model

Layer Notation

1. Colluvium

2. Completely weathered rock

3. Highly to moderately weathered rock

Figure 6. illustrates the three dimensional model worked out for the site based on
the available information and Figures 6.2 (a), (b), (c) & (d) show the model from
different viewpoints. The total length in X direction is 700 m, width in Y direction
100 m and height in Z direction is 150 1 m, in the model.

Figure 6.1 PLAXIS 3D model of Badulusirigama Landslide
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Figure 6.2 Model from the different viewpoints (a) top view, (b) bottom view, (c)

front view, (d) back view

6.4 Model boundary conditions

6.4.1 Displacement boundary conditions

PLAXIS automatically assigns the certain displacement boundary conditions at the
model boundaries unless prescribed otherwise. The default boundary conditions
were suitable for this model. Accordingly, the following displacement boundary
conditions have been used in the model. A graphical presentation is given in Figure
6.3.

e Vertical model boundaries parallel to the YZ plane: Symmetric boundary
conditions were used. Displacements are fixed in X — direction (ux =0) and
free in Y and Z direction.

e Vertical model boundaries parallel to the XZ plane: Symmetric boundary
conditions were used. Displacements are fixed in Y - direction (uy =0) and
free in X and Z direction.

e The bottom boundary of the model is fixed in all direction (ux = uy = uz =0)

141



e The ground surface is free in all directions.

Figure 6.3: Displacement boundary conditions assigned for the model

6.4.2 Flow boundary condition

Ground water table was defined based on the field observed ground water levels,
using the borehole water level option available in PLAXIS 3D. Accordingly,
ground water table for the entire model has been generated using the water levels

defined in the boreholes.

The seepage boundary conditions were altered accordingly during the infiltration
analysis to simulate different precipitation conditions. The ‘“Precipitation”
boundary condition available in “Flow conditions” module of the software was used

for this purpose.

Figure 6.4 and 6.5 indicates the initial ground water table of the slope. The thick
blue line indicates the initial ground water table. In PLAXIS, compressive forces
and positive pore water pressures are denoted by a negative sign as per the sign
convention. Variation of ground water head within the model along the cross
section P—Q (see Figure 6.2(a)) is shown in Figure 6.4. Figure 6.5 shows the pore
water pressure contours along selected cross section of the slope. Steady state pore

water pressure varies from about 0 to 1500 kPa below the level of the water table.
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Above the water table suction varies from 0 to 100 kPa as illustrated in the shaded

plot in Figure 6.5.
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Figure 6.4 Variation of the ground water head within the shown in a cross section
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Figure 6.5 Variation of the pore water pressure along the section PQ

6.5 Finite element mesh

In solving finite element problems, it is mandatory to generate an appropriate finite
element mesh according to the problem definition. In this analysis, the mesh
coarseness option “fine” was used. Table 6.1 gives a description on the finite
element mesh. Figure 6.6 shows the finite element mesh generated for the problem.
The mesh shown in Figure 6.6 was used in all the analysis conducted in this chapter.
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Table 6:2: Details of the finite element mesh

Mesh type Fine
Number of elements 111279
Number of nodes 156096
Average element size 5.382m
Maximum element size 60.59 m
Minimum element size 6.286E -3 m
\
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Figure 6.6 Finite element mesh generated for the problem

6.6 Establishment of initial geo-static stresses of the ground

In solving geotechnical problems using finite element approach, first, the initial
stress profile of the problem should be established. PLAXIS finite element
programme enables the establishment of initial stress condition using either of Kg
procedure, gravity loading and field stress method. In this study initial stress
condition of the slope was established using the Ko procedure.
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It is noteworthy to discuss here that, Ko procedure is recommended for generating
initial stress conditions in problems with horizontal or nearly horizontal ground
surface formations. This technique is not recommended to very steep ground
surfaces such as in current case history analyzed, because, the Ko procedure is not
capable of generating the shear stresses in the elements that are actually present in
sloping grounds. Therefore, once Ko procedure is carried out on a steep slope there
can be out of balance forces remaining in the soil elements. In order to overcome
this short-coming, as recommended in PLAXIS manual, a plastic stage analysis was
carried out immediately after the Ko procedure. This procedure is termed as running
a “plastic — nil phase”. During a plastic stage analysis, the imbalanced forces are
brought to equilibrium; however, this may cause some deformations in the ground.
Therefore, for the current model, the deformations after the plastic stage were
thoroughly scrutinized to make sure that the displacement during this stage are
small enough to not to alter the existing geometry of the initial model. In this
analysis, the deformations experienced during the plastic stage were less than 0.5
m. This was deemed as not affecting to original shape of the ground, given the large

dimensions of the overall model as well as sensitivity of contour survey data.

As a second check on the correct establishment of the initial geostatic stresses, the
development of failure points on the soil body was also inspected. The output of
the initial Ko procedure indicated a limited number of plastic points and tension
points as well as no extreme displacements. This suggests that the out of balance
forces developed for the sloping ground are not deviated far from the equilibrium
condition. Therefore, the equilibrium state stress regime in the sloping ground can
be successfully established in the model by conducting a subsequent plastic analysis
following the initial Ko step. The displacements calculated during this plastic phase
were set to zero before commencing the subsequent phase to ensure that the initial
displacements of the ground are zero before commencing any succeeding

calculations.

Alternative to the aforementioned Ko procedure followed by a plastic — nil phase,

the gravity loading procedure can also be adopted to establish the geostatic stresses
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in a sloping ground. This procedure allows for the generation of shear stresses in
the soil elements during the gravity loading analysis itself. However, the shear
stresses developed in this analysis type are based on the Poisson’s ratio values and
are not based on the specified ko values as of a geotechnical engineer would prefer.
Therefore, if the gravity loading procedure is adopted, it is recommended to adjust
the soil Poisson’s ratio to reflect the required ko values. Later, in the subsequent
analysis stages to the gravity loading analysis, a new set of material properties
should be assigned to the model with the correct combinations of ko and Poisson’s

ratio values in order to obtain the accurate results for the model.

The initial stress condition of the slope was established as per the ko procedure
described above. Figure 6.7 shows the initial stress condition of the slope after
establishment of initial geostatic stresses. The directions of the principal stresses
that are deviated from vertical — horizontal directions indicate the formation of
shear stresses within the soil body. The maximum effective principal stress value

of the sloping ground pertaining to the existing condition was 1430 kPa.

Figure 6.7 Initial principal stress profile of the site

6.7 Analysis of the stability of the slope

Stability of the slope was assessed under prevailing conditions and after introducing
subsurface drainage measures using the 3D model, as discussed in following

sections.
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6.7.1 Stability of the slope under prevailing conditions

After setting up the initial conditions of the ground, stability of the slope, under the
prevailing conditions was assessed. Figure 6.8 illustrates the incremental shear
strains developed in the model at the last time step of the c-Phi reduction procedure.
As seen in the figure, larger shear strain increments are formed along the slip
surface of the slope. The shaded line in light blue colour in Figure 6.8 indicates the
deviatory shear strains developed along the failure plane. This is due to the slip of
the upper soil mass, causing shear at the interface between the sliding and stable
zones. Figure 6.9 and 6.10 show vectors and contours of the incremental
displacements developed along the slip surface, respectively. Incremental
displacements are an indication of the moving soil mass. A 3D view of the failure

mass under existing ground conditions is presented in Figure 6.10.

Figure 6.8: Deviatoric shear strains along the failure plane
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Figure 6.9: Vectors showing incremental displacements in the moving mass
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Figure 6.10: Shadings indicating the incremental displacements in the moving

mass (a) along the section PQ, (b) 3D view
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When conducting a safety analysis, the slip surface in the model output was closely
examined to confirm the development of a potential overall failure surface rather
than localized small failures surfaces. Also, the evolution of FoS with the number
of iterations in the safety analysis was well examined to confirm that the FoS has
reached a stable condition within the specified number of iterations (100 iterations
in current case). The FoS vs Time step curve should appear more or less constant
without large fluctuation to accept the final result as the FoS of the slope. In cases
where it was not stable, number of calculation stages were increased from its default
value to arrive at steady factor of safety values. Initial factor of safety value of the
slope with existing high ground water table conditions (without subsurface drains),
was determined to be 1.086 (Figure 6.11).
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Figure 6.11: Plot showing the initial factor of safety of the slope

During the 2D plane strain analysis base on limit equilibrium approach, slip surface
was fully specified based on the field investigation data. In 3D finite element
analysis which is based on a finite element formulation, the critical slip surface was
obtained using stress — strain analysis, without predefining the failure surface. The
close agreement between the of the slip surface generated in the 3D model and the

predefined composite slip surface considered in the 2D analysis, indicates that the
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3D model developed for Badulusirigama Landslide is significantly representative
of the actual field condition. Further, the factor of safety of the critical slip surface
obtained from 3D finite element analysis, which is generated through stress - strain
analysis (1.086) procedure is more or less similar to that of 2D plane strain analysis

(1.068) that is derived based on force and moment equilibrium.

6.8 Performance of the slope after implementation of fan —type subsurface
drainage

The main aim of performing the 3D analysis is to investigate the impact of fan —

type subsurface drainage improvement in enhancing the stability of the slope.

Details of proposed subsurface drainage system (i.e. number of drains, length and

etc.) were discussed in section 3.10.1 in Chapter 3. Table 6.3 gives the spatial

arrangement of drains in the 3D system. The spatial arrangement of the subsurface

drainage fans are shown in Figure 6.12.

150



Table 6:3: Spatial arrangement of the drainage system in 3D formulation

Angles Coordinates at the drain Coordinates at the drain end
Drain (deg) mouth (m) point (m)
Drain length
Vert. | Hori.
(m) e | o | X Y z X % z

DAl 45 -40 5 449 -4.2 710 483 -33.0 713.92
DA2 45 -30 5 449 -4.2 710 488 -26.6 713.92
DA3 45 -20 5 449 -4.2 710 491 -19.5 713.92
DA4 45 -10 5 449 -4.2 710 493 -12.0 713.92
DA5 45 0 5 449 -4.2 710 494 -4.2 713.92
DA6 45 10 5 449 -4.2 710 493 3.6 713.92
DA7 45 20 5 449 -4.2 710 491 11.2 713.92
DAS8 45 30 5 449 -4.2 710 488 18.2 713.92
DB1 45 0 5 412 -29.2 704 457 -29.2 707.92
DB2 45 -10 5 412 -29.2 704 456 -37.0 707.92
DB3 45 -20 5 412 -29.2 704 454 -44.5 707.92
DB4 45 -30 5 412 -29.2 704 451 -51.6 707.92
DB5 45 -40 5 412 -29.2 704 446 -58.0 707.92
DB6 45 -50 5 412 -29.2 704 441 -63.5 707.92
DB7 45 -60 5 412 -29.2 704 434 -68.0 707.92
DB8 45 -70 5 412 -29.2 704 427 -71.3 707.92
DC1 45 -80 3 340 -40.0 690 348 -84.3 692.36
DC2 45 -70 3 340 -40.0 690 355 -82.2 692.36
DC3 45 -60 3 340 -40.0 690 362 -78.9 692.36
DC4 45 -50 3 340 -40.0 690 369 -74.4 692.36
DC5 45 -40 3 340 -40.0 690 374 -68.9 692.36
DC6 45 -30 3 340 -40.0 690 379 -62.5 692.36
DC7 45 -20 3 340 -40.0 690 382 -55.4 692.36
DC8 45 -10 3 340 -40.0 690 384 -47.8 692.36
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Angles Coordinates at the drain mouth Coordinates at the drain end
Drain (deg) (m) point (m)
Drain length
V2ert. | Vert.
" plane | plane X v z X v z

DD1 60 0 3 288 -8.3 682 347 -8.3 685.14
DD2 60 -9 3 288 -8.3 682 347 -17.7 685.14
DD3 60 -18 3 288 -8.3 682 344 -26.8 685.14
DD4 60 -27 3 288 -8.3 682 341 -35.5 685.14
DD5 60 -36 3 | 288 -8.3 682 336 | -436 685.14
DD6 60 9 3 | 288 -8.3 682 347 1.0 685.14
DD7 60 18 3 288 -8.3 682 344 10.2 685.14
DDS8 60 27 3 288 -8.3 682 341 18.9 685.14
DD9 60 36 3 288 -8.3 682 336 26.9 685.14
DE1 60 -50 3 196 -41.7 662 235 -87.6 665.14
DE2 60 -40 3 196 -41.7 662 242 -80.2 665.14
DE3 60 -30 3 196 -41.7 662 248 -71.6 665.14
DE4 60 -20 3 196 -41.7 662 252 -62.2 665.14
DE5 60 -10 3 196 -41.7 662 255 -52.1 665.14
DE6 60 0 3 196 -41.7 662 256 -41.7 665.14
DE7 60 10 3 196 -41.7 662 255 -31.3 665.14
DES8 60 20 3 196 -41.7 662 252 -21.2 665.14
DE9 60 30 3 196 -41.7 662 248 -11.7 665.14
DF1 55 -30 3 106 -27.1 651 154 -54.5 653.88
DF2 55 -20 3 106 -27.1 651 158 -45.9 653.88
DF3 55 -10 3 106 -27.1 651 160 -36.6 653.88
DF4 55 0 3 106 -27.1 651 161 -27.1 653.88
DF5 55 10 3 106 -27.1 651 160 -17.5 653.88
DF6 55 20 3 106 -27.1 651 158 -8.3 653.88
DF7 55 30 3 106 -27.1 651 154 0.4 653.88
DF8 55 40 3 106 -27.1 651 148 8.2 653.88
DF9 55 50 3 106 -27.1 651 141 15.0 653.88
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Figure 6.12 Spatial arrangement of the subsurface drainage system (a) top view,
(b) front elevation, (c) perspective view

To simulate the subsurface drains in the model “line drain” option available in the
software was used. The pore water pressure value inside the drain was set to zero.
To simulate the functioning of drains in 3D finite element formation, fully coupled
flow deformation analysis type was adopted.
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Six fan type drainage arrangements were modelled in both top down (Case 2) and
bottom up (Case 3) construction sequence. The case “simulating all drains
simultaneously”, the Case 1 investigated under 2D plane strain analysis, was
eliminated here due to practical constrains applicable when it comes to real world

applications. The cases considered in the analysis are:
Case 2: Simulating top — down construction of drains
Case 3: Simulating bottom — up construction of drains

Improvement of the safety margins of the slope was observed after the construction
of each drainage fan. In this regard the fully coupled deformation analysis was
followed by the safety analysis. After activating all the drains, analysis was further
extended for a period of one year, to investigate the variation of the phreatic surface
and improvement of the factor of safety of the slope in long term. Table 6.4

summarizes the sequence of simulation under the each case considered.

Table 6:4: Sequence of simulation under the each case considered.

Day of installation of drains Case 2 Case 3

construction staging construction staging

At the start

Construct Fan A

Construct Fan F

After 03 days

Construct Fan B

Construct Fan E

After 06 days

Construct Fan C

Construct Fan D

After 09 days

Construct Fan D

Construct Fan C

After 12 days

Construct Fan E

Construct Fan B

After 15 days

Construct Fan F

Construct Fan A
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6.8.1 Variation of the water table and stability of the slope under Case 2

Figure 6.13 shows the variation of the ground water table with drainage
improvement following the Case 2, along cross section P-Q defined in Figure
6.2(a). The approximately vertical blue lines in the figures indicate the total head

contours.

Figure 6.13 illustrate the changes in the ground water table, 3 days after activation
of each drainage fan. The fluctuations of the ground water table cannot be directly
observed in the figures due to the small scale of the overall model, relative to the
couple of meters fluctuation in the water table. However, the water head variation
can be observed by referring to the total head contours shown in approximately
vertical lines in the figures. In each of the case, the contours were requested across
the same reference points (shown in green). It can be seen from Figure 6.13(a),
through to Figure 6.13(g), that the total head contours have been gradually changed
from perfectly vertical contours to broken contours near the surface. In Figure
6.13(a), the total head contours are vertical and straight, indicating constant total
head (elevation head + pore pressure head) along the line. When it comes to Figure
6.13(g), the total head contours are broken and the contours near the ground surface
have moved toward uphill. This is due to the reduction of pore water pressure in the
near surface zone bringing the total head values low. This observation of gradual
change clearly indicated the variation of the ground water table with ongoing

drainage with the installation of subsurface drains.
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(a) Initial

(d) DABC

(g) DABCDEF

ff/ ¢
|

Figure 6.13: Variation of the ground water table with drainage improvement: Case
2- top down (a) Initial, (b) DA, (c) DAB, (d) DABC, (¢) DABCD, (f) DABCDE,
(f) DABCDEF
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6.8.2 Variation of the water table and stability of the slope under Case 3

Figure 6.14 shows the variation of the ground water table with drainage

improvement following the Case 3, along cross section P-Q.

(b) DF "/‘/ﬁ

- y’t (f) pFEDCB

(e) DFEDC /&"/‘n

Figure 6.14: Variation of the ground water table with drainage improvement: Case
2 -Bottom up (a) Initial, (b) DF, (c) DFE, (d) DFED, (e) DFEDC, (f) DFEDCB,
(f) DFEDCBA
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A close observation of the variation of ground water table under the two cases
considered, revels that, when the drains are constructed in bottom — up sequence,
the ground water table at the top and the bottom of the slope are similar (Compare
Figure 6.13(b), (c) and for Case 2 and Figure 6.14 (b) (c)) for Case 3 .

6.8.3 Comparative improvement of the factor of safety under two cases

While the actual construction stage and timing for the installation of drainage
system are not available, in the current analysis, it was assumed that each fan of
drains is constructed at 3 days intervals as presented in Table 6.3. The construction
of the drains were simulated in the model by activating the line elements
corresponding to the drains at respective time intervals. Factor of safety analyses of
the improved slope, were done at end of 3 days after activation of each drainage
fan. Figure 6.15 and Figure 6.16 show the variation of the factor of safety of the
slope after implementation of the drainage measures, in Case 2 and Case 3,
respectively, with iteration steps. The stabilized factor of safety values obtained
after the iterative time steps in each construction stage under Case 2 and Case 3 are

presented in Table 6.5.

Under Case 2, Construction of fans of drains A results in an improvement of factor
of safety by 5.5 % initially. The construction of fan B thereafter did not cause any
significant increase. The condition was same for both fan C and Fan D where
improvements were observed to be around 2 %, 1.6% respectively, when compared
to the preceding installation. In contrast, installation of fan E, which is closer to toe
of the slope, resulted in a factor of safety improvement of 4.3 % compared to
previous installation. Installation of fan F resulted in a further increase of only
1.04%. Installation of all drains caused an improvement of 16.5% when compared
with the initial factor of safety. Under Case 2 construction sequence, improvement
of factor of safety when compared to initial factor of safety of the slope, is more
significant in during the installation of drain fans near the toe. Installation of first
four fans (A, B, C & D) has resulted in 10.5 % improvement and thereafter
installation of fan E has improved to 15%. Installation of fan F has caused a
significant further contribution towards the improvement of factor of safety.
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Under Case 3, construction of fans of drains F resulted in an improvement of factor
of safety by 5.9 %. Installation of the next drainage fan has resulted in further
improvement of factor of safety by 5 %. Accordingly, in contrast to Case 2,
improvement of factor of safety after the installation of first two fans of drains (F
and E) have caused an overall factor of safety improvement of 11%. In addition,
initial factor of safety has improved by 15 % after the completion of the installation
of initial four fans of drains (F, E, D, and C). However, installation of two final fans
of drains B and A has not yielded much further improvement in the factor of safety.

To sum-up, the rate of improvement of the factor of safety is higher when the drains
are constructed in a bottom up sequence. However, final safety margins achieved

by the slope for both construction sequences are almost similar.

= Initial, (no drains)
145 - +3days, (Fan A)
A 6 days, (Fans A, B)
[ 49days, (Fans A.B,C)
® 12 days, (Fans A.B,C,D)
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| ®18days, (Fans AB,C.D.EF)
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Figure 6.15: Variation of factor of safety pertaining to Case 2
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Factor of safety

=Initial, (no drains)
145 1 +3days, (FanF)

46 days, (Fans F, E)
L40 9 days, (Fans F,.ED)
® 12 days. (Fans F.E.D.C)

+ 15 days, (Fans F.ED.CB)

m 18 days, (Fans F.ED.CB,A)

Time step

110

Figure 6.16: Variation of factor of safety pertaining to Case 3

Table 6:5: Percentage variation of the factor of safety for the two construction

cases
Case 02 (F;;,+=1.086) Case 03 (F;;,+=1.086)
=) S S =T 5 S
o © & ) —~ v © £ ~/~ —~
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s 33 E 1 E| 88| ¢ i) E
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A(03) 1.146 5.52 5.52 F(03) 1.15 5.89 5.89
AB(0)6 1.157 0.96 6.54 FE(06) 1.207 4.96 11.14
ABC(09) 1.181 2.07 8.75 FED(09) 1.227 1.66 12.98
ABCD(12) 1.2 1.61 10.50 FEDC(12) 1.248 1.71 14.92
ABCDE(15) 1.252 433 15.29 | FEDCB(15) 1.248 0.00 14.92
ABCDEF(18) | 1.265 1.04 16.48 | FEDCBA(18) | 1.264 1.28 16.39
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Figure 6.17 Plot showing the variation of factor of safety with time under two

cases

When the safety analysis was extended for a period of three months under both
cases, the factor of safety value obtained at the end of 18th day, remain unchanged.
In other words, no further improvement of factor of safety value was observed in
the 3D model, whereas in the 2D limit equilibrium analysis, factor of safety of the

slope kept gradually increasing with the time.

It is evident that the initial factor of safety obtained for the slope is more or less
similar using both analytical techniques. In addition, factor of safety improvement
during the implementation of drainage measures follow a similar trend in both 2D
and 3D models, with a higher rate of improvement when the bottom - up
construction sequence is adopted. The achieved FoS of the 3D studies can be
compared only with the FoS values of the composite failure surface. In 2D plane
strain analysis, the factor of safety was improved from 1.07 to 1.44 (35 %) under
Case 02 and 1.47 (38 %) under Case 03, during the first 18 days (i.e. drainage
installation period). The factor of safety improvement in 3D finite element analysis
under the same circumstances was 1.086 to 1.26 (16 %) for both Case 02 and 03.
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There were no further improvements in factor of safety was observed when the
analysis was continued further as in the case of 2D analysis. Whereas in the 2D
analysis factor of safety continuously improved for a period of 3 months and yielded
a factor of safety of 1.68 for both cases at the end of 3 months.

The reasons for the difference could be; the difference in two analytical approaches
and the impact of 3D effect. The 3D effect could affect either positively or

negatively towards the improvement of the factor of safety

6.9 Performance of the radial drainage network in response to an actual
rainfall event

The critical rainfall event (from 01 December 2014 to 31 December 2014)
simulated in section 5.7.4 under 2D plane strain analysis was applied to the
rectified 3D slope to observe the performance. Infiltration event corresponding to
each day was defined as a surface flow boundary under “model condition” module
using the “Precipitation” option available in PLAXIS 3D. To complete the

function, following three parameters have to be defined accordingly;
qg: Infiltration
Wmax: Maximum pore pressure head relative to the elevation of the boundary
Wmin: Minimum pore pressure head relative to the elevation of the boundary

In this analysis infiltration, q, was changed accordingly and Wmax and Wmin Were set
to their default values, as recommended in the PLAXIS manual. The rainfall
simulation was commenced on the 19" day after improving all the subsurface
drainage measures. By this period slope had reached its maximum safety margins

as confirmed by extended safety analysis.

The safety margin of the slope was assessed on selected days during and after the
rainfall event. These days were selected based on the variation of the rainfall event

and the factor of safety was observed after the selected days. Table 6.6 summarizes
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the percentage variation of factor of safety with time. Figure 6.18 presents the

variation of the factor of safety of the slope during the rainfall event.

Table 6:6 Percentage variation of factor of safety

Elapsed time Fi— Fip
(days) value (—Fim )%
23 1.254 -0.63
28 1.262 0.00
33 1.245 -1.35
38 1.121 -11.17
43 1.110 -12.04
44 1.120 -11.25
46 1.146 9.19
49 1.21 -4.12
53 1.25 -0.95
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Figure 6.18: Variation of the factor of safety of the slope corresponding to actual

rainfall event

During the first 15 days where the accumulated rainfall was less than 50 mm, the
safety margins of the slope seems to be steady. However, after five to six day with
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a cumulative rainfall of 250 mm, factor of safety has dropped to a value of 1.12.
Further, it is observed that the reduction of factor of safety during forthcoming 5
days with a cumulative rainfall event of around 400 mm (from day 38 to 43) is not
that drastic compared to initial drop in factor of safety (i.e. 1.254 to 1.121). The
reason behind this might be because, by this time due to the reduction of suction in
the soil, the infiltration capacity would have been reduced. As a result, more rain
water will contribute to runoff without infiltrating into the slope. In both 2D and
3D analyses pertaining to the rainfall event, the maximum percentage reduction in
factor of safety from its initial values are similar. In Section 5.9.6, the analysis
conducted for composite slip surface resulted in a reduction of factor of safety from
1.76 to 1.64 (Figure 5.29), which is about 10%. However, 2D and 3D analysis
follow different trends in variation of FoS, where in 2D analysis, minimum factor
of safety was recorded after the rainfall event of 218 mm on 25" day. In 3D model,
the minimum factor of safety was recorded after a total antecedent rainfall of 250
mm. Figure 6.19 indicates the variation of ground water table during the rainfall

event.

(a)
kDay 18: before infiltration event)

(b)
(Day23) -
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(d)
(Day 43)

Figure 6.19: Variation of ground water table due to critical rainfall event: (a) Day
18, (b) Day 23, (c) 38, (d) Day 43, (e) Day 53

It can be seen that the ground water table in the upper slope has risen during the
rainfall event during the day 33 to 37 as indicated in Figure 6.19(c). Ground water
heads have further increased during the next five days as shown in Figure 6. 19 (d).

The fluctuations of the ground water table can be figured out by closely observing
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the relative movements of the vertical lines indicating the ground water head
(appear in light blue colour). Therefore, it can be concluded that the safety margins
of the slope has reduced due to the rise of ground water table in the upper region of
the slope.

6.10 Commentary on the developed 3D finite element model for Badulusirigama
landslide

The three dimensional model developed in preceding sections represents the full
scale of the slope. Also a fare attempt has been made to simulate the actual uneven
ground surface. Unlike in 2D plane strain conditions, in 3D finite element
modelling, selection of soil parameters should be carefully done (in case they are
not available from laboratory tests). Otherwise severe convergence, difficulties,
large displacements and much deviations from general conditions would occur. All
these matters should be collectively addressed while developing the 3D slope model
as well as analyzing under different conditions. Effect of radial type subsurface

drainage system can only be simulated using 3D formulation.

Use of finite element approach to determine the factor of safety of this landslide
has certain advantages. FE method has the ability to conduct stress strain analysis
which is missing in limit equilibrium approach. This fact is significant in handling
these type of complex geometries (Memon 2018). In reality, transient water flow
and deformations occur simultaneously. These simultaneous events could be
modelled using fully coupled flow deformation analysis, with finite element
technique. Also, conventional limit equilibrium approaches could overestimate the
factor of safety values of the slope when it involves complex geometries, non-

circular failure surfaces and layer stratifications (Giam & Donald 1989).

A sound understanding of the soil parameters and the way they are correlated with
each other are required during modelling as well as interpreting the results. Lack of

knowledge in these areas would lead to tedious procedures.
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6.11 Summary

In this chapter, Badulusirigama Landslide is modelled in 3D finite element
formulation in real scale. Stability of the slope has been assessed under existing
high ground water table conditions. Radial drainage network introduced to improve
the stability of the slope has been fully simulated in the 3D analysis. Improvement
of the factor of safety of the landslide was investigated under different drainage
construction methods. Actual rainfall event was simulated on the slope to study the
variation of factor of safety in response to the rainfall event.

The initial factor of safety calculated for 3D slope model with high ground water
table conditions is 1.086. Values obtained from two methods (2D and 3D
approaches) are almost identical, which was 1.07 for composite slip surface
analyzed using 2D plane strain conditions. However, the improvement in factor of
safety obtained from 2D limit equilibrium method and 3D finite element method
after installation of the drains were different. The 2D model showed higher
improvement of factor of safety whereas the 3D model indicated less improvement.
Yet the trends in the factor of safety variation were similar in both models. The
reasons for the differences in the factor of safety obtained through the two models
can be two fold; differences in the two analysis methods used in the two models
namely, limit equilibrium method and the finite element method, and the effect of
the 3D geometry which was included in the 3D model and not included in the 2D
model.

The slope reached maximum safety margins within a period of 18 days after
construction of drains. The final rate of improvement of the factor of safety was
higher when subsurface drainage improvement was implemented in a bottom up
sequence. The final factor of safety value reached by the slope was same under both
top - down and bottom - up construction methods. Drainage measures were
observed to be effectively functioning during the critical rainfall event simulated.
Factor of safety value was maintained above 1.1 during excessive 5 day rainfall

events of 400 mm.
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Chapter 7

7 CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Sub-horizontal drains have been in use all over the world for rectification of slopes
and enhancement of stability. Despite being a popular solution, there are no
systematic methods for the design of sub-horizontal drainage measures. This results
in very elaborate designs, which are mainly based on designer’s experience and
confidence. Nevertheless, a widely adopted guide for the design of sub-horizontal
drains may not be practical due to vast variation of slope behaviour depending on
the hydraulic characteristic, climatic conditions, site geology, human intervention
etc., specific to each site. However, with the increasing demand for different
infrastructure facilities and consequent migration of some constructions into hilly
areas, geotechnical engineers are facing the challenge to further optimize their
designs. The critical issue with sub-horizontal drain improved slopes when
optimizing and implementing safety limitations is the lack of understanding on the
effectiveness of sub-horizontal drains in maintaining the water table at sufficiently
low levels. Ever increasing number of massive slope failures and landslides in
different regions of the world emphasizes the need to apply a more comprehensive

assessment of slope stabilization through sub surface draining technique.

In this study, one of the large landslides improved with sub-horizontal drains was
investigated in detail, to understand its behaviour in the short and long term.
Badulusirigama landslide, used in this study is located in the Badulla administrative
district of Sri Lanka. This was identified as a slow moving landslide with a sliding
mass volume of about 600000 m® and was rectified with the use of surface and
subsurface drains. The subsurface drains were of fan type arrangement and installed
at six different elevations along the axis of the landslide.
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7.1.1 Two dimensional analysis

The state of the slope prior to implementation of the rectification and the effect of
rectification measures were initially modelled in two dimensions, with a finite
element based seepage analysis through commercial software SEEP/W and limit
equilibrium based commercial software for stability analysis SLOPE/W. The
comprehensive geotechnical investigation process conducted at the field could
identify three different failure surfaces; upper, middle and lower. Hence the limit
equilibrium analyses were done using "fully specified" failure surface option using
following the Spencer's method which is applicable to both circular and non-

circular failure surfaces and considers both force and moment equilibrium.

Ideally, the concept of adopting a plane strain model to represent a section of a long
geotechnical problem that is uniform along the longitudinal direction is not suitable
for the Badulusirigama landslide, as this is located on a highly inconsistent hilly
terrain. However, a 2D plane strain simulation was adopted in the current study, on
the basis of replicating the most critical section of the site in the model. Thus, it

was deemed to yield worst-case scenario performance for the landslide.

The results of the 2D analysis illustrated that the state of instability prevailed at the
site was improved significantly by the installation of sub surface drains. The
sequence of drain installation had an impact on the gradual achievement of factor
of safety. It was shown that, with a bottom up sequence of drain installation, the
safety margin as indicated by FoS, increased faster than in the case of a top down
sequence of installation. With the completion of the installation of all the drains,
the final factors of safety achieved by the two different construction sequences were

similar.

The 2D seepage analysis revealed that the subsurface drains located in toe and
middle areas of the slope releases comparatively large amounts of water during an
event of rainfall. The middle and lower drains were more efficient in discharging

ground water compared to top drains, in the absence of rainfall as well. This
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observation emphasizes that toe drains are the most effective in improving the

factor of safety against slope instability that could trigger by heavy rainfalls.

Subsequently, the process of stabilization of the slope with sequential installation
of drains was simulated with the composite failure surface, which included the three
failure surfaces mentioned above. In that anlaysis also, the bottom up sequence of
installation was found to achieve a more rapid increase of factor of safety than the
top down sequence. The final FOS achieved after installation of all the drains was
similar for both sequences.

The response of the rectified slope to a critical design rainfall was then evaluated.
The results of the analysis revealed that with the critical rainfall of total 725 mm
that spanned over 30 days with low initial intensities and a peak intensity of 216
mm/day after 24 days, an adequate factor of safety was maintained in the rectified
slope throughout. There was a sharp reduction of FOS soon after the peak rainfall
at 25" day but the slope could recover and the FOS increased as the rainfall intensity

reduced.

The effectiveness of using surface vegetation cover in conjunction with subsurface
horizontal drains was also studied using the 2D plane strain model. The roots of the
vegetation can enhance the effective cohesion of the top soil layer and also increase
the hydraulic conductivity within the rooted zone. These effects contributed to
another 8 — 9% increase in factor of safety of the slope.

The effect of possible clogging / malfunctioning of some of the drains in the long
run and anticipated risks of the landslide failure if such condition occur could be
studied numerically by changing the boundary conditions at that drain
appropriately. A sensitivity analysis of this nature can be done to have a greater

emphasis on the need of maintenance of the drains.
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7.1.2 Three dimensional analysis

The two dimensional analysis performed is a significant simplification of the actual
conditions when considering the morphology of the slope and the arrangement of
drains. A real scale 3D finite element model was successfully developed for the
site, using PLAXIS 3D software. The model also included the fan type radial

drainage network as well as the surface irregularities of the slope.

The stability analysis technique available in the Plaxis software automatically
detects the critical failure surface based on a stress and displacement analysis.
Hence, no pre assumptions were made on the critical failure surface in the 3D FEM
analysis. However, the critical failure surface predicted using the 3D FE model was
very similar to the composite failure surface identified at the Badulusirigama

landslide.

The initial safety margins of the slope assessed using 2D limit equilibrium and 3D
finite element approaches were in close agreement. However, the factor of safety
values predicted after the slope rectification, by the 3D finite element model and
the 2D limit equilibrium method were different. Generally, the 3D model indicated
a lower FoS than the 2D model. This can be attributed to the different analysis
techniques used to obtain the factor of safety in the two methods. The 2D model
uses limit equilibrium method whereas the 3D model uses finite element based c-

phi reduction technique.

Similar to the 2D analysis, 3D stability analysis also indicated a faster improvement
of factor of safety when bottom up construction procedure was used, when
compared with top down construction sequence. Nonetheless, the final FoS
achieved after complete installation of the six drainage fans were similar from both

construction sequences.

When tested for a critical rainfall event, the 3D model showed a drop in FoS sooner
than the 2D model. Even though some subsequent heavy rainfall was received after

the FoS has dropped, no further significant reduction of factor of safety was
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observed in 3D model. This can be because the 2D plane strain model assumes
continuous drains in the out of plane direction of the model and thus accounts a
higher effectiveness than the actual scenario. Whereas in the 3D model, the
localized influence zones of the drain network are better represented.

7.2 Recommendation for future work

In this analysis, SWCC and permeability characteristics of particular soils were
obtained using limited amount of laboratory data and information available in the
literature. Extensive studies should be conducted to establish these unsaturated soil
properties pertinent to native soils using both direct measurements and empirical
correlations based on particle size distribution and Atterberg limits. Further,

variation of these properties with different vegetation should be studied.

Model can be further calibrated using monitoring data available from the site.
Thereby, predictions could be made with regard to pore water pressure variation of
the slope corresponding to known rainfall intensities. If such instrumentation is
available at a site any unusual response of instruments can be identified. By
numerically simulating possible events of malfunctioning the reason for the
observed behaviour could be detected and necessary corrective measures can be

applied promptly.

Functions of vegetation such as diverting rainfall, minimizing the impact on the
slope surface and etc. should be further studied by instrumentation of the slope to
obtain changes in moisture content and matric suction in response to different
rainfall events. This would enable identification of the most appropriate vegetation

types for bio- engineering measures.

The effect of possible clogging / malfunctioning of some of the drains in the long
run and anticipated risks of the landslide failure if such condition occur could be

extensively studied.
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