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ABSTRACT 
 

Landslide is one of the most significant natural disasters in hilly environment. It is a 
major concern for Bangladesh since the Hill Tracts of Bangladesh are very vulnerable 
to landslide because of its geological formation and soil characteristics. Devastating 
landslides have hit Chittagong Hill Tracts (CHT) areas repeatedly in recent years. 
Moreover, rapid urbanization, increased population density, improper land-use, cutting 
of hills, indiscriminate deforestation and agricultural practices are aggravating the 
landslide vulnerability in CHT. Against this backdrop, it is essential to develop suitable 
methods which can be effective and economic solution for landslide prevention. 

Disturbed and undisturbed soil samples have been collected from different landslide 
prone locations of Rangamati. Index and engineering properties of the collected soil 
samples have been determined to characterize the hill soil. To understand the behaviour 
of hill slopes, Finite Element Models have been developed using the soil properties 
obtained from the laboratory tests of the collected samples. Effect of vegetation and 
slope angle has been studied from the numerical models. It is observed that factor of 
safety (FS) decreases with the increase of slope angle. However, vegetation (rooted 
soil) has little contribution in increasing FS. Nailed slope with vegetated cover performs 
better for stability of slopes. Increasing degree of saturation for rainfall decreases FS of 
slope. Hence, proper drainage can effectively decrease landslides. 

For developing nations like Bangladesh, where soil erosion is prevalent in its extreme 
form, landslide is one of the most deteriorating natural processes that must be dealt 
with. Little has been accomplished in dealing with erosion that can be widely applied, 
in inexpensive, long-lived, and appealing applications. Vetiver, a tropical grass, offers 
a practical and inexpensive way to prevent erosion. This deeply rooted, persistent grass 
has restrained erodible soils for decades. Efficacy of vetiver in soil erosion has been 
studied with small scale laboratory model study. Performance of slope against erosion 
has been studied under rainfall for both bare slope and vetiver rooted slope. It is found 
that sediment yield for bare soil is very much higher compared to the sediment yield 
for rooted slope. Amount of infiltrated water increases with time resulting in reduced 
surface runoff and soil loss for the vegetated slope. Sediment yield tends to be zero after 
a certain rainfall which prove the effectiveness of vetiver grass against erosion. 

From this study, it can be said that the vetiver grass plantation is effective to protect the 
hill slopes against top soil erosion and surface runoff. It may act better in combination 
of soil nailing and proper drainage for overall stability of slopes. It also works against 
shallow depth failure. Plantation of vetiver can be a cost-effective, sustainable and eco-
friendly method for the erosion control as well as shallow depth slope failure in 
Bangladesh. 
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Chapter 1 

INTRODUCTION 
 

1.1 General 

Bangladesh is a densely populated developing country. Hilly or mountainous terrain 

occupies around 12% of the total area of Bangladesh (Sultana, 2013). Due to scarcity 

of land, people are forced to live at foothills or on the slopes of hills. Landslide has 

become a major disaster in the hilly regions of Bangladesh, occurring almost every 

year. From physical survey, it is observed that soil characteristic of Chittagong Hill 

Tracts (CHT) is alluvial, silty clay which is vulnerable to landslides. Human activities 

such as deforestation, jhoom cultivation and hill cutting have made the slopes unstable. 

In addition, excessive rainfall during monsoon causes rain cut erosion which results in 

landslides. During the last five decades, CHT suffered about 12 major landslides 

(Sarker et al. 2013). Most devastating landslides occurred in 2007 and 2017. The 

landslide on 11th June, 2007 which occurred in several areas near Chittagong city, was 

one of the severest of such occurrences in the country’s history causing the death of 

127 people. Very recently, on 13th June 2017, CHT experienced massive landslides. 

Many foothill settlements and slums were demolished; more than 152 people died, and 

huge resource destruction took place. It is observed from the field study that failure 

patterns of some landslides are transitional whether others are rotational.  

The rocks in hilly areas of Bangladesh are mainly quartz, siltstone, shale, limestone, 

pebbles and conglomerate etc. The soil is very much susceptible to erosion due jhoom, 

deforestation and human interferences. This enhances land and fertility degradation and 

hence causing landslides. On an average, the hilly area has soil loss rate about 27 ton 

per hector per year. So, erosion is a prime concern for landslides.  

Heavy rainfall is a common characteristic in Bangladesh. Apart from the relatively dry 

western region of Rajshahi, where the annual rainfall is about 160 cm, most parts of the 

country receive at least 200 cm of rainfall per year (Islam et al. 2017). Being located 

just south of the foothills of the Himalayas, where monsoon winds turn west and 

northwest, the region of Sylhet in north-eastern Bangladesh receives the greatest 

average precipitation. From 1977 to 1986, annual rainfall in that region ranged between 
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328 and 478 cm/year (Chisty, 2014). About 80% of the rainfall in Bangladesh occurs 

during monsoon season. The monsoons result from the contrasts between low and high 

air pressure areas that result from differential heating of land and water. During the hot 

months of April and May, hot air rises over the Indian subcontinent, creating low-

pressure areas into which rush cooler, moisture-bearing winds from the Indian Ocean. 

This is the southwest monsoon, commencing in June and usually lasting through 

September. Dividing against the Indian landmass, the monsoon flows in two branches, 

one of which strikes western India. The other travels up the Bay of Bengal and over 

eastern India and Bangladesh, crossing the plain to the north and northeast before being 

turned to the west and northwest by the foothills of the Himalayas. 

This thesis mainly discusses the history and causes of these previous landslides in 

Bangladesh and possible measures that can be taken to prevent future landslides. 

Current practices of slope protection in hill are construction of RCC retaining walls and 

masonry toe wall which are quite expensive. It is suggested to implement some new 

and modified structural measures such as vegetation with jute geotextile can 

significantly improve the stability of hill slopes. Furthermore, improvement of drainage 

condition, landslide mapping and geophysical analysis should also be done alongside 

in order to reduce the devastating effects of the disaster. 

1.2 Background 

Landslide, in recent times, has become a major disaster in the hilly regions of 

Bangladesh. Laboratory and field tests have indicated that a homogeneous slope under 

rainfall conditions is prone to suffer from surface erosion or shallow landslides (Yuki 

et al., 2006; Moriwaki et al., 2004; Zhang et al., 2011) whereas deep seated failures are 

often induced by rainfall in slopes with weak layers (Fan et al., 2005; Wang et al., 

2010). Numerical analysis of slope-stability is commonly performed using limit-

equilibrium methods because of their proven effectiveness and reliability (Duncan et 

al., 2005). The kinematics of the landslide phenomena has been analyzed in many 

scientific studies (Noveellis et al., 2016; Coute et al., 2014; Fernández-Merodo et al., 

2012). The development and use of plant root reinforcement models, soil nailing and 

other methods to assess the stability of hill slopes has become a prominent research area 

all over the world (Khan et al., 2003; Mickovosiki and Tardio, 2015; Siddique et al., 

2007). Physical measures are often combined with bioengineering approaches to obtain 
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the maximum effect (Islam et al., 2014). Hence it is important to understand the 

effectiveness of different methods of slope stabilization to assess the landslide hazard 

in the context of Bangladesh. 

Different measures have been taken by Roads and Highways Department (RHD), Local 

Government Engineering Department (LGED) and Chittagong Hill Tracts 

Development Board (CHTDB) to prevent landslides in CHT areas. But recent landslide 

history and casualties in those landslides proves their preventive measures are not 

fruitful. In addition to government organization, some international organizations like 

United Nations Development Programme (UNDP), World Bank (WB), Asian 

Development Bank (ADB) and some NGOs etc. are trying their best in order raise 

awareness among people and to prevent landslide casualties. A lot more still needs to 

be done for mitigation of landslide hazards.  

Erosion is the process by which soil and rock are removed from the Earth's surface by 

natural processes such as wind or water flow, and then transported and deposited in 

other locations. Natural calamities lead to severe soil erosion of river bank, hill slope, 

road slope. Therefore, different techniques had been practiced over the years to reduce 

soil erosion and landslide., These techniques were, however, expensive, not 

environment friendly and non-durable for the design life considered.  Vegetation is one 

of the alternative practices that can curtail or limit erosion of soils. 

To investigate the most appropriate solution for landslides, it is necessary to evaluate 

the effectiveness of different methods. Hence, the applicability of different slope 

stabilization methods must be studied in the context of Bangladesh. However, there are 

no published guidelines for hill slope protection in Bangladesh. The present research 

investigates the usefulness and applicability of vegetation against natural hazards such 

as landslide.  

1.3 Research Objectives 

The overall objective of the present research is to assess the stability of slopes in the 

hills. The specific objectives include: 

(i) To determine the soil characteristics of Chittagong hill tracts area of 

Bangladesh. 
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(ii) To make a comparative assessment of different of slope stabilization methods 

in order to select suitable measures in the context of Bangladesh hill tracts. 

(iii) To verify the effectiveness of selected methods by conducting model tests and 

numerical modelling using commercial software like PLAXIS®. 

(iv)  To measure the erosion potential of vegetated slope. 

1.4 Organization of the Thesis 

The complete research work for achieving the stated objectives is divided in some 

chapters so that it becomes easier to understand the chronological development of the 

work.  The contents of each chapter are briefly presented below: 

Chapter One is an introduction that includes the problem statement, background and 

objective of this study along with the thesis organization.  

Chapter Two presents the literature review which includes history, causes and different 

measures of landslides. This chapter also discusses the experimental, theoretical and 

numerical studies of landslides and slope stability. Finally, the available low-cost 

solution for the protection of slopes like vegetation by vetiver grass (Vetiveria 

zizanioides), role of vegetation in the stability of slopes, the analysis mechanism of the 

role of vegetation in the stability of slopes and its performance all over the world and 

in Bangladesh are also described in this chapter.  

Selection of study areas for the research has been discussed in Chapter Three. Survey 

methodology and experimental program is also discussed here. Finite element model 

and their assumptions are described in this chapter. 

Chapter Four presents detail sub-soil characteristics of the selected area.  The results 

from the model study and the FEM model are also presented in this chapter. Stability 

of hill slopes at different slope angles and different suggested methods are estimated 

here. Finally, the validation of the model along with the comparison of the proposed 

model with the existing experimental studies are described in this chapter. 

Finally, in Chapter 5, the main conclusions drawn from the study are pointed out. In 

addition to that some recommendations for future work are also provided. 
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Chapter 2 

LITERATURE REVIEW 
 

2.1 General 

This chapter presents a summary of research into slope stability analysis to provide a 

satisfactory background of subsequent discussions. As the research work aims to focus 

on the measures for landslide prevention, a brief summary of existing research on relevant 

topic herein has been presented. Author took an attempt to present a selective overall 

summary of research into the behavior of rooted soil and erosion potential of hill slopes. 

Landslide is one of the most significant natural disasters in hilly environments, which 

includes a wide range of ground movements, such as rock falls, deep failure of slopes and 

shallow debris flows (Chisty, 2014; Rahman, 2012). Rapid urbanization and human 

development activities such as building and road construction through deforestation and 

excavation of hill slopes have increased landslide in densely populated cities located in 

mountainous areas (Galli and Guzzetti, 2007; Schuster and Highland, 2007). 

Chittagong hills are degrading by different anthropogenic stresses such as, hill cutting for 

construction, sand and clay mining, establishment of settlement in foothills, deforestation 

etc. (Mia, et al., 2015). Considering above facts, the present study was carried out to 

assess the causes of landslide, impacts of landslide on local communities and mitigation 

strategies against landslide to reduce vulnerability of the mishap in the study area of 

Bangladesh. 

2.2 Topography of Chittagong Hill Tracts 

The Chittagong Hills rise steeply to narrow ridge lines, generally no wider than 36 metres, 

with altitudes from 600 to 900 metres above sea level (Rahman, 2012). Land cover of the 

Chittagong hill tracts are shown in Figure 2.1. 

Chittagong is vastly different in terms of topography, with the exception of Sylhet and 

northern Dinajpur, from the rest of Bangladesh, being a part of the hilly regions that 

branch off from the Himalayas. This eastern off shoot of the Himalayas, turning south 

and southeast, passes through Assam and Tripura State and enters Chittagong across the 

river Feni. The range loses height as it approaches Chittagong town and breaks up into 
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small hillocks scattered all over the town. This range appears again on the southern bank 

of the Karnaphuli River and extends from one end of the district to the other. Chandranath 

or Sitakunda is the highest peak in the district, with an altitude of 351 meters above mean 

sea level Chittagong is quite different in terms of topography, except for Sylhet and 

northern Dinajpur, from the rest of Bangladesh, being a part of the hilly regions that 

branch off from the Himalayas. This eastern offshoot of the Himalayas, turning south and 

southeast, passes through Assam and Tripura State and enters Chittagong across the river 

Feni. The range loses height as it approaches Chittagong town and breaks up into small 

hillocks scattered all over the town. This range appears again on the southern bank of the 

Karnaphuli River and extends from one end of the district to the other.  

 
Figure 2.1: Land cover of Chittagong hill tracts (Rubel and Ahmed, 2013) 
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2.2.1 Geological formation 

Mountains of Bangladesh are located in the southern, eastern and northern part of the 

country including the Chittagong Hill Tracts and Chittagong Region; Mymensingh and 

Jamalpur; and Sylhet Region. Northern and eastern hills occupy almost 12% area of 

Bangladesh (about 18171 km2) and underlain by unconsolidated or little-consolidated 

beds of sandstones, siltstones and shale (Sarker, 2013). The higher hill ranges in the 

Chittagong Hill Tracts, Chittagong and Sylhet regions are underlain by rocks of the 

Surma and Tipam formation (Brammer, 1996). These hills have been uplifted and folded 

into a series of anticline and syncline during the collision between the Indian and the 

Eurasian plates in Miocene period (Khan, 1991; Mannan, 2002). 

The Chittagong Hill Tracts is originated because of the collision between India and Asia. 

After the break-up of Gondwanaland, Indo-Australian plate together moved towards 

south-easterly of about 1750 km at a drift rate of 6 cm/yr (Sarker, 2013). Later India broke 

apart from Australia and started to drift north north-easterly.  That is the time when the 

history began for the Chittagong Hill Tracts Hilly area of Bangladesh developed in 

tertiary age. They are mainly composed of unconsolidated sedimentary rocks such as 

sandstone, siltstone, shale and conglomerate. The hill areas are underlain by tertiary and 

quaternary sediments that have been folded, faulted and uplifted, then deeply dissected 

by rivers and stream. These areas consist of sandstones, shale and with siltstone which 

have less stability. Having the acid properties of the hilly soil is easily saturated with 

water. The bedrock and soil structure of these hills are not stable for which reason these 

areas are highly prone to landslide. Unsustainable lands use and alteration in the hills 

including indiscriminate deforestation and hill cutting are two major factors in 

Bangladesh that aggravated the landslide vulnerability in the hilly areas. 

2.2.2 Physiography 

According to the physiography of Bangladesh, the CHT falls under the Northern and 

Eastern Hill unit and the High Hill or Mountain Ranges sub-unit. At present, all the 

mountain ranges of the Chittagong Hill Tracts are almost hogback ridges. They rise 

steeply, thus looking far more impressive than their height would imply. Most of the 

ranges have scarps in the west, with cliffs and waterfalls.  The region is characterized by 

a huge network of trellis and dendritic drainage consisting of some major rivers draining 

into the Bay of Bengal. 
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2.2.3 Soil characteristics 

In geotechnical engineering, the first step in problem solving is to identify the type of soil 

and its pertinent physical, compressibility and permeability characteristics. There are 

different physical properties which can cause the strength to increase even when the 

moisture content of the soil remains same (Chowdhury et al., 2018; Islam et al., 2017; 

Jadid, 2016; Shahriar 2015, 2016; Shahriar et al. 2018). The composition of soil of these 

hilly regions is complex and the young rocks have higher contents of easily weatherable 

feldspars. Therefore, the soil of this hilly region is very much susceptible to the landslide 

risks during heavy rain carried by monsoon wind system. The hill soils are mainly 

yellowish brown to reddish brown loams which grade into broken shale or sandstone as 

well as mottled sand at a variable depth. The soil of the hill slope is usually silty clay 

(liquid limit: 32-40; plasticity index: 15-21). Percent fine # 200 sieve (0.074 mm) and 

clay content varied between 92%-94% and 18%-19%, respectively (Islam, 2014).  

2.3 History of Landslides in Bangladesh 

Landslide is a natural phenomenon and accelerated by human interventions. This is a 

major natural hazard in recent years and received great concern in south-eastern part of 

Bangladesh as Chittagong and Chittagong Hill Tracts region. During the last five decades, 

Chittagong suffered about 12 times landslides. By the devastation of this disaster 17 

people died in 1999, 13 in 2000, 91 in 2007, 54 in 2010 and 17 causalities occurred in 

2011 in Bangladesh (Sarker, 2013). During the last three decades the death toll is 

approximately 200 (Table 2.1) and occurred massive economic and property loss. The 

historical landslide occurred in Bangladesh are in Table 2.2 (Sarker and Rashid, 2013; 

Mahmood and Khan 2010; Hossein 2012). Causalities over the years due to landslide for 

different districts is showed in Figure 2.2. It is observed that, total casualties are much 

higher in CHT rather than other areas. In Figure 2.3, a histogram of casualties in CHT 

over 10 years is presented which shows that on an average 40 casualties happened over 

last 10 years. Hence, CHT needs special focus for landslide prevention. 

The susceptibility of the soil erosion in the Chittagong Hill Tracts is very high among the 

vast hilly region of Bangladesh. However most of the causalities due to landslide disasters 

occurred near the Chittagong, Bandarban and Cox’s Bazar area due to large exposed 

people of this area including Lebubagan, Kasiaghuna and Workshop in Cantonment area; 

Kusum Bagh area at Dampara; Baijud Bostami area; Sekandar Para; Chittagong 
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University area; Batali Hill and Moti Jharna, Lama in Bandarban; and district town and 

Himchhari of Cox’s Bazar (Figure 2.2). During the devastating landslide of 1998, 1999, 

2000, 2007, 2011 and 2012 all these areas were affected.  

Table 2.1: Statistics of casualties in Chittagong, Cox’s Bazar and Bandarban (Sarker, 
2013, Islam et al., 2017) 

District Year Death in landslides 

Chittagong 

2007 127 
2012 28 
2017 26 
2011 17 
2000 13 
2008 11 

Cox’s Bazar 

2010 54 
2012 29 
2008 13 
2015 5 
2008 4 

Bandarban 
2012 27 
2015 9 
2017 7 

Rangamati 
2017 100 
2013 12 
2012 25 

 

 
Figure 2.2: Casualties due to landslide in Bangladesh (Rahman, 2012)
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Table 2.2: History of landslides for last 50 years in Bangladesh 

Year Death Impact Reason/Mechanism Soil Characteristics Affected areas 

1968 
 

- Reservoirs silted up but no 
casualties occurred 

Removal of protective 
vegetation make the bondage of 
soil loose which then exposed 
to the monsoon rain and eroded 
rapidly 

Deep, well drained loams 
derived mainly from tertiary 
sandstones and shale which 
are permeable and exposed to 
massive erosion 

Kaptai 
Chandraghona 
road 

1970 - 
Roads and properties have been 
damaged, houses collapsed 

Deforestation make the 
bondage of soil loose which 
then exposed to the monsoon 
rain and eroded rapidly and 
washed away houses and 
properties 

Well exposed sandstone on 
the anticline; yellow and grey 
medium grained occasionally 
pebbly sandstone and clayey 
sandstone with inter-beds of 
mottled clay 

Ghagra 
Rangamati 
Road 

1990 
(May 30) - Roads and properties have been 

damaged 

Due to the deforestation and 
heavy and prolonged rain 
during the monsoon period, this 
disaster occurred 

Well exposed sandstone on 
the anticline; shale, 
sandstones and siltstones in 
the underlying and overlying 
strata 

link road 
embankment at 
Jhagar beel 
area of 
Rangamati 
district 

1997 - 90,000 m2 area was affected but 
not causalities occurred 

Heavy rainfall creates 
excessive pressure of water 
which caused the soil washed 
away 

Well exposed sandstone; 
lower portion is variegated 
coarse grained cross-bedded 
sandstones 

Charaipada of 
Bandar 
ban. 
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Table 2.2: History of landslides for last 50 years in Bangladesh (contd.) 

Year Death Impact Reason/Mechanism Soil Characteristics Affected areas 

1999 
(11 & 13 
August) 

17 

At least 50 houses completely 
vanished under the solid earth. 
300 houses were partly 
damaged. About 283.50 ha of 
cultivated land, 810 ha of 
household garden, and 50 km 
unmetalled road were crushed 

Heavy and incessant rainfall at 
that time was one of the causes 
of sliding 

Well exposed sandstone; 
sandstone and minor amounts 
of clay-stone and silt in the 
Chittagong area 

Lama and Aziz 
Nagar 
Union, 
Bandarban; 
and 
Chittagong 

2000 
(24 June) 13 Damaged property worth several 

lacs of taka in those places 

Deluge of mud and water that 
swamped various part of the 
port city amid torrential rain 

Well exposed sandstone; 
some small areas are also 
sandy or rocky with steep hill 
slope are highly susceptible to 
erosion 

Chittagong 
University and 
Southern 
Chittagong 

2007 
(11 June) 128 

Communication infrastructure 
was severely affected with 
telephone links with the rest of 
the country. Kalurghat Radio 
Station had to be shut down as 
its offices were submerged in 
six feet of water. Flights to the 
city's Shah Amanat International 
Airport, were suspended and 
the Chittagong Port was closed 

Hill cutting made the soil 
bondage loose which is washed 
away due to heavy and 
prolonged monsoon rain. 
Heavy monsoon rainfall caused 
mudslides that engulfed slums 
around the hilly areas of the 
city. Cutting hills made the soil 
slippery and loose. As a result, 
it came down with the rain 

Sandstone and shale with very 
steep slope 

Cantonment 
and 
Lebubagan, 
Chittagong 
City 
Corporation 
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Table 2.2: History of landslides for last 50 years in Bangladesh (contd.) 

Year Death Impact Reason/Mechanism Soil Characteristics Affected areas 

2010 53 
Several houses and properties 
damaged; roads have been 
blocked 

Settlement was developed at 
the foot hill area by cutting the 
hill side and the prolonged 
torrential rain caused severe 
flood and mudslides 

Deep, well drained loams 
derived mainly from tertiary 
sandstones and shale; some of 
the area also consisted of well 
exposed sandstone and Boral 
formation 

Cox’s Bazar 
and Bandarban 

2011 15 Property damaged, and houses 
are washed away 

Settlement was developed at 
the foot hill without any 
precautionary measures and the 
prolonged torrential rain caused 
severe flood and mudslides 

Sandstone and shale with very 
steep slope 

Batali Hill, 
Chittagong 

2012 108 

Houses, roads and properties 
damaged and the 
communication with the 
impacted area collapsed 

Prolonged torrential rain due to 
the influence of monsoon 
depression over the Bay of 
Bengal washed away houses 
and settlements located on the 
foot hill area 

Deep, well drained loams 
derived mainly from tertiary 
sandstones and shale; some of 
the area also consisted of well 
exposed sandstone and Boral 
formation 

Lama and 
Naikhanchari, 
Bandarban; 
Ctg. Port Area; 
Moheshkhali, 
Cox’s Bazar 

 
 
 

2017 
(12 June) 

 
 

152 

In Rangamati, 5000 homes were 
damaged. Roads in Rangamati 
remained inaccessible for two 
days. Many roads in the district 
were washed away, leaving 
craters up to 15 metres deep, or 
heaped with debris 

Incessant downpour that began 
early morning of 12 June, 
dropping 343 millimetres of 
rain in 24 hours. Deforestation 
People had built homes on 
slopes despite official warnings 

Low plastic calyey soil, silty 
sand, clayey sand and silt. 
Some areas consist of shale 
and sandstone forming layers 

Manikchari, 
Rangamati, 
Chittagong and 
Bandarban 
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Figure 2.3: Statistics of casualties in CHT over 10 years (Sarker et al., 2013, Islam et 

al., 2017) 

2.3.1 Chittagong landslide 2017 

On 12 June 2017, heavy monsoon rain triggered a series of landslides and floods in 

Rangamati, Chittagong and Bandarban - three hilly districts of Bangladesh - and killed 

at least 152 people. The weather also caused power cuts and telecommunications 

disruptions, making it difficult for rescuers to reach affected communities. Collapsing 

hillsides and heavy flooding are now estimated to have killed over 152 people across 

five districts. Rescue and recovery teams continue to face challenging conditions, and 

the risk of additional landslides remains high. Road and communication networks 

between the cities of Chittagong, Rangamati and Bandarban remain cut off due to 

flooding and debris. Hundreds of homes have been buried in mud and rubble, including 

over 5,000 homes in the Kawkhali upazila of Rangamati district. Local markets do not 

have reliable access to food and other supplies, especially in remote areas, while 

telephone communications remain sporadic. Fresh landslides on June 14 have expanded 

the affected area, killing many people in Cox's Bazaar and Khagrachari district.   
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Figure 2.4: Affected areas of June 12, 2017 landslides 

2.3.2 Affected areas  

Rangamati, Chittagong and Bandarban districts remain the most severely affected, and 

are facing acute fuel, electricity and water shortages. In Bandarban District, Lemujuri 

and Kalaghata upazilas have been the most severely damaged. In Chittagong District, 

Rangunia and Chandnaish upazilas have also experienced severe flooding. Rangamati 

district, however, may have been the worst damaged so far. Rangamati is estimated to 

have suffered over 100 deaths since June 13, primarily in Sadar, Kawkhali, Kaptai, 

Bilaichhari and Jurachhari upazilas. Figure 2.4 shows the areas that are affected in 

Chittagong hill tracts. 

2.3.3 Extent of the disaster 

The worst-hit district was Rangamati, where landslides buried hillside houses where 

people were sleeping. Around 20 separate landslides hit the district. At least 100 people 

were killed in Rangamati including four army men while they were doing rescuing 

operation. Among them 45 killed in Manikchari, Bedbedi and Reserve Bazar areas of 
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Sadar upazilla, 23 in Kawkhali, 18 in Kaptai, 3 in Bilaichari and 2 in Juarchari upazilas. 

Part of the Rangamati-Chittagong road collapsed in Manikchari, some 6 km off 

Rangamati town and communication was remain inaccessible for two days until 

necessary measures were taken. Many roads in the district were washed away, leaving 

craters up to 15 metres deep, or heaped with debris (Figure 2.5). The district's power 

grid was also destroyed (Islam et al., 2017). 

At least 25 lives have been lost in Chittagong and six in Bandarban. Hundreds injured 

and many missing as well as houses were destroyed by the land mass. Roads in 

Bandarban were cleared by 15 June, when 2,000 people were able to return to their 

villages to see the devastation. 

2.3.4 Rescue operation 

The Bangladesh government attempted to warn people ahead of the storm, using 

loudspeakers, but were not able to reach all areas. More than 10,000 people did get 

evacuated to emergency shelters. In the two days immediately after the landslides, 

rescue workers were having trouble reaching victims as roads were choked with mud 

and rain continued. Heavy digging equipment could not reach remote areas.  

Thousands of Bangladesh army soldiers were already stationed in the area because of a 

long-standing insurgency; and they were directed to help in the rescue effort. The 

Bangladesh navy also helped reach people cut off by flooding. With the help of these 

team, the damaged Rangamati-Chittagong road was in operation in just two days after 

the massive landslide. 

Rescue operation conducted jointly by the district administration and fire brigade Law 

enforcers supplied food and another necessary item. 800 families in Rangamati and 500 

in Bandarban were taken refuge in emergency shelters, including schools and public 

buildings. Many displaced residents were also received corrugated iron sheets to build 

emergency shelters. Local authorities have pledged to continue this support until 

families can safely return home. 382 medical teams across the affected region had 

worked to provide emergency health care to the victims. At least 110 persons had been 

admitted to local hospitals. Maternal and Child Welfare Centres are open and receiving 

patients.  Failures and the rescue operations are shown in Figure 2.6. 
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(c)  

(a)  

 

(b)  

Figure 2.5: Extent of the disaster: (a) Measures have been taken to reopen the road 
at Sapchhari Shal Bagan; (b) Failure of slopes at 66 km from Chittagong 
and near Radio Station; (c) A damaged house in Rangamati. 

2.4 Causes of Landslides in Bangladesh 

A natural hill on earth is a stable surface. It holds a balance of its components and can 

maintain its stability. If the balance system is disturbed by any natural cause or by 

improper interactions of human being, it can cause landslides. It is not about the natural 

reasons all the time that causes landslides, some manmade actions are also responsible 

in this fact as human are steeping the hills day by day by hill cutting activities.  

Because of heavy rainfall during monsoon, hill tracts became more alluvial and 

vulnerable, which resulted in landslides and mudslides over the poverty-stricken 

dwellers of hilly areas. This phenomenon caused a huge damage in CHT areas. During 

monsoon, loose muddy soil holds moisture which causes extra weight. Furthermore, 

increase of moisture content decreases shear strength of soil. Thus, the extra weight 

added by rain water and decrease in shear strength results landslides. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2.6: Some glimpse of Chittagong landslide, 2017: (a) Part of the Rangamati-
Chittagong road collapsed in Manikchhari, some 6 km off Rangamati town; (b) 
Partial damaged road Bilaichari upazilla, Rangamai (c) Army personnel recover 
a body of a fellow on Manikchhari-Chittagong road in Rangamati (d) Rescuers 
scour a landslide spot for missing victims in Lemujiri Aga area of Bandarban 
(e) Rangamati-Manikchari Road have been heavily damaged due to landslide 
(f) People have built a temporary solution while local road have been damaged 
near Rangmati-Khagrachhari Road. 
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Illegal hill cutting is rampant in Chittagong and adjoining areas. The rampant hill 

cutting in the port city is the prime cause of the landslide. In the winter and dry season, 

the dishonest people used to cut the hills for collecting soil and levelling the land for 

construction works, concerned sources said.  

The mechanism of landslide is occurred by both internal forces and external factors. 

When the gravitational force acting on a slope exceeds its resisting force, slope failure 

and mass wasting occurs. The slope material’s strength and cohesion and the amount 

of internal friction between materials help maintain the slope’s stability and are known 

collectively as the slope’s shear strength. The steepest angle that cohesion- less slope 

can maintain without losing its stability is known as its angle of repose. When a slope 

possesses this angle, its shear strength perfectly counterbalances the force of gravity 

acting upon it. Landslides occur when the stability of a slope changes from a stable to 

an unstable condition. A change in the stability of a slope can be caused by several 

factors, acting together or alone. The foot of the hills are the main areas where the soil 

grabbers cut the hills. Those are causing the steepness of hills. Steep of hills are 

vulnerable for sliding land. Susceptibility of a hill is moderate and high at a slope of 20 

to 30 degrees and 40 to 60 degrees respectively, whereas hills of Chittagong are cut at 

70 degree or greater slope. 

There are two primary categories of causes associated with the major landslides in 

Bangladesh, including natural causes and human induced causes (Figure 2.7). Natural 

causes are the major triggering mechanism for landslides either singly or in 

combination with water pressure and seismic activity. Effects of these causes varied 

widely and depend on steepness of slope, morphology or shape of the terrain, soil type, 

and underlying geology and whether there are people or structures on the affected area. 

Human induced causes increase the intensity of the impact of landslide mainly 

identified as unplanned settlement in the risk zone, modern agricultural practice without 

considering soil characteristics, cutting hill for roads and other construction with 

considering proper slope and deforestation. 

2.4.1 Natural causes 

Slope saturation by water is the primary cause of the landslide. 

Saturation can be occurred due to intense rainfall, changes in ground-water levels 

and surface-water level changes along coastlines, earth dams, and in the banks of 
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lakes, reservoirs, canals, and rivers (Highland and Bodrowsky, 2008). Precipitation 

and run-off are closely related to the sudden inundation of hill slope and landslide. 

 

Figure 2.7: Landslides and associated natural factors and human activities (Sarker and 
Rashid, 2013) 

Previous geological events or modern irrigation practice may cause losing soil 

particle ease the saturation process; where the deforestation helps in removal of 

topsoil from the surface of the hill. Few major natural causes of landslide are 

given below: 

(i) Formation of hill soil with loose and wearable particles i.e. feldspar and 

undercut by the agent like water or air. 

(ii) Previous geological events i.e. earthquake that reduced the shear strength of 

soil particles. Earthquakes in steep landslide-prone areas greatly increase the 

likelihood that landslides will occur, due to ground shaking alone, liquefaction 

of susceptible sediments, or shaking-caused dilation of soil materials, which 

allows rapid infiltration of water. Shear strength is controlled by a number of 

variables such as friction, which itself is proportional to the normal force, as 

well as many other variables such as the roughness, cohesion, and dryness of 

the material. 
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(iii) Absence of vertical vegetation due to natural events (i.e. wild fire) decreases 

the bondage of soil particles and stability of soil. 

(iv) Excessive rainfall that results increase of ground water pressure to destabilize 

the slope of the hill. 

(v) Mass wasting is caused by gravity. On a mass of material gravity exerts a force 

downward proportional to the amount of mass. Saturation of the pore spaces 

increased the weight of the mass increasing the sheer force as well as intensity 

of the hazard. 

2.4.2 Human activities 

Expanding population in the landslide prone area due to migration 

are the primary means by which humans are contributing to the landslide disasters. 

The new settlements create disturbing to the natural drainage system and destabilizing 

slopes. Unsustainable and unplanned use of land for industrial purpose and irrigation 

practice by the migrated people is also reducing stability of the soil for containing 

moisture and losing bondage of top soil. Landslide related human induced factors are 

given below: 

(i) Construction of new settlements in the foothill of land slide prone area that 

increases exposure of people to the risk. 

(ii) Construction of industries or roads or settlements without considering the 

proper slope of the hill. Some of the slopes are very steep as more than 90° 

compare to the ground surface. Earthworks alters the shape of a slope, or which 

imposes new loads on an existing slope. 

(iii) Deforestation of the hilly area especially deep-rooted vegetation reduces the 

strength of the soil particle to make bondage among them. In addition, some of 

the afforestation practices are also responsible for the destabilization of soil 

particles if the local soil characteristics are not considered. 

(iv) Modern irrigation practice without considering the traditional knowledge 

loosens the bondage of soil particles. 

(v) Lack of awareness of the people about the landslide risks and avoiding the early 

warning are two most important factors that increase the loss and damages by 

the land slides. 
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2.4.3 Main causes for Chittagong landslide 2017 

June 12, 2017 landslide occurs due to different natural and manmade reasons. Some 

of the major causes are described below. 

2.4.3.1 Excessive rainfall 

The landslide was caused by an incessant downpour that began early morning of 12 

June, dropping 343 millimetres (13.5 inches) of rain in 24 hours. Between June 12 and 

14 NASA has recorded 510mm (20 inches) rainfall in south eastern Bangladesh when 

landslides triggered by heavy downpour. The monsoon and depression over Bay of 

Bengal towards Bangladesh resulted in heavy rain over different parts, including Dhaka 

and Chittagong. The seasonal monsoon often causes floods and mudslides in the 

southern hills of Bangladesh.  

2.4.3.2 Deforestation 

Deforestation in the area also contributed to the devastation. Tree felling had 

completely denuded some hill slides resulting bare slopes. 

2.4.3.3 Soil and drainage condition 

The usual type of soil at the hill slope is silty clay. At most areas, the soil consists of 

different layers of sand and clay/shale. Shear strength of silty clay type soil is much 

lower than regular sand or clay soils. Again, excessive rainfall had saturated the soil 

resulting increase of soil mass. Figure shows that two soil layers: sand and clay/shale 

at Sapchhari Shal Bagan (At 61 Km from CHT). The bedding of the soil formation is 

almost horizontal. Alternate layer of sand and very thin films of cementing clay/shale 

layers are present. Rainwater seeps through the layers and over the ages reduces the 

bond between the sand and clay/shale layers (Figure 2.8). Additionally, the drainage 

condition of the hill slopes is not good. As a result, rain water cannot seep out of the 

soil, rather water percolates through the soil and increases earth pressure with additional 

hydrostatic force. This results the failure of slope. 

2.5 Possible Measures 

The selection of appropriate measures should be based on assessment of risk, 

uncertainty, possible consequences, constructability, environmental impacts and costs. 
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Usually two types of approaches can be taken for the prevention of the disaster: one is 

structural solutions and the other is non-structural measures (soft engineering). 

   

 

 

 

 

 

 

Figure 2.8: Different layers of soils at Sapchhari Shal Bagan (At 61 Km from CHT) 

2.5.1 Non-structural measures 

Soft engineering is as much important as structural solutions. Land use vulnerability 

assessment and zoning, relocation of the foothill settlements, controlling hill cutting 

through proper enforcement of legal provisions, real time monitoring and early warning 

etc. measures can be taken for the mitigation of landslides. 

2.5.1.1 Community based risk reduction 

The community-based risk reduction strategies are very important for community 

resilience to landslide disaster. Community based early warning system should be 

developed and functional within the community. The community should be equipped 

properly with available resources for risk reduction and emergency response and should 

Sand 

Clay/Shale  
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be trained for effective response. Indigenous knowledge in the risk reduction approach 

requires special considerations for well acceptance by the local people. 

2.5.1.2 Land use vulnerability assessment and zoning 

Land use vulnerability assessment and zoning based on the physiographic and 

geomorphological characteristics, demographic and socio-economic features are 

important for the sustainable management of the disaster. The hilly area specially in the 

urban settings of the Chittagong composed of complex characteristics including foothill 

settlements (high class, middle class and slum), few are with vegetation, few are 

completely barren, few contains both hill top and foothill settlement. Socioeconomic 

and environmental aspects should be considered in the rules and land use plan and the 

compliance of legal and policy instruments should be in place for effective 

enforcement.  

2.5.1.3 Relocation of the foothill settlements 

The relocation of houses and structures are one of the major instrument for reducing 

the vulnerability and risk of landslide disaster. Relocation policy has been prepared for 

extremely vulnerable people living along the hill slope informal settlements. The 

authority has been provided to the City Corporation and Divisional Commissioner for 

selection of relocation point. The relocation process is in process and two sites are 

primarily selected for relocation of 2,00,000 people of the Chittagong city. However, 

no such initiatives have been taken for the Chittagong Hill Tracts region. 

2.5.1.4 Controlling hill cutting  

Hill cutting which is one of the major causes of landslide in Bangladesh required to be 

prohibited. Sustainable structural and non-structural measure should be taken 

compliance with existing legal provisions. Construction of retaining wall in the hill 

cutting area could be possible structural measures. A national hill management policy 

preparation is in process to ban on setting up brick kilns and reducing cutting hill for 

settlements and other purposes. The building construction rules by Chittagong 

Development Authority also mentioned the hill cutting issues which requires more 

clarification and proper enforcement. 

 

 



24 
 

2.5.1.5 Early warning 

Prediction of the hazardous event can be able to reduce impact of disaster through 

issuing early warning and taking proper preparedness measures. Real time monitoring 

and prediction of weather including rainfall and discharge forecasting is very important 

for early warning and effective response measures. A flash flood forecast, and warning 

system was developed by the FFWC of the Bangladesh Meteorological Department 

(BMD) however the capacity of the BMD through technical instruments and expertise 

requires. The early warning system is activated in the Chittagong city and enforced, 

however during the recent year response from the people were absent caused massive 

destruction and loss of lives. 

2.5.2 Structural measures 

Structural measures considering the safety measures, building codes and better drainage 

facilities are inevitable for mitigation of landslide disaster risk. In Bangladesh, retaining 

wall is widely used to stabilize a slope which is a costly technology. Therefore, new 

affordable and sustainable technology should be explored to stabilize slopes. Table 2.3 

describes different types of possible structural measures with their applicability in the 

context of Bangladesh.  

Structural measures considering the safety measures, building codes and better drainage 

facilities are inevitable for mitigation of landslide disaster risk. The mitigation policies 

for landslide disaster allowed the informal settlers for hill slope settlements upon 

fulfilling some prerequisites including satisfactory risk and vulnerability assessment by 

the city level vigilance team and taking required structural measures. 

2.5.3 Bioengineering solution 

The best and durable solution for landslide disaster is bioengineering technique. It is a 

method in which slope can be protected using vegetation. Roots of vegetation penetrates 

through the slope soils which gives additional reinforcement to the shear strength of 

soil. Reasons for natural slope failure can be categorized in two ways: (a) top soil 

erosion due to rainfall and (b) block slide due to rainfall. Mechanism of top soil erosion 

and block slide failure are shown in Figure 2.9 and Figure 2.10 respectively. 
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Table 2.3: Different types of structural measures for prevention of landslides (Islam et al.  
2017) 

Groups Remedial 
Measures Brief Description Applicability in the context of 

Bangladesh 

Modificat
ion of 
Slope 

Geometry 

(i) 
Reducing 
general 
slope angle 

This method reduces the 
driving force and thereby 
improves stability 

This method is suitable only for cuts 
into deep soil where rotational 
landslides may occur. A complete 
solution involves additional 
modification of the land. 

(ii) Adding 
lightweight 
material  

Lightweight material can be 
added replacing the original 
in situ material. 

This method is not suitable since a 
lot of earth works need to be done. 

Drainage 

(i) Surface 
Drains 

Any sags, depressions or 
ponds above the slope line 
can be drained to minimize 
the possibility of percolation 
of surface water into 
potentially unstable area. 

Although surface drainage alone 
will seldom correct an active 
landslide, any improvement in 
surface drainage will be beneficial. 

(ii) Sub 
drainage 

Sub surface drainage is 
carried out by installing 
horizontal drains, vertical 
drains and deep trench 
drains. 

In the case of presence of 
groundwater, cut areas and under 
proposed embankments, sub 
drainage is important. 

(iii) 
Hydrologic
al effect of 
vegetation  

Consumptive use of 
vegetation extracts water 
from groundwater which 
decreases the saturation of 
soil. 

Most effective drainage method 
both Natural and environment 
friendly. 

Retaining 
Structures 

(i) Gravity 
Retaining 
wall 

A mass of plain concrete 
with weep holes, free-
draining backfill.  

Large excavation requires. Can take 
no tensile stresses and is 
uneconomical for high walls. 

(ii) Gabion 
Walls 

Free-draining. Retention is 
obtained from the stone 
weight and its interlocking 
and frictional strength.  

Capacity is limited by ø. Have high 
resistance to impact and weathering 
and also possess good and 
elongation characteristics. 

(iii) RCC 
Retaining 
wall 

Free-draining and tolerant of 
different settlements, they 
can have high capacity and 
have been constructed to 
heights of at least 18m.  

Construction cost is high for 
retaining walls.  Relatively large 
space is required for the wall. It is 
not possible to build retaining walls 
to all dangerous slopes along the hill 
sides.   
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Figure 2.9: Mechanism of slope failure by top soil erosion due to rainfall (Nasrin, 2013) 

Table 2.3: Different types of structural measures for prevention of landslides (Islam et al. 
2017) (contd.) 

Groups Remedial 
Measures Brief Description Applicability in the context of 

Bangladesh 

Internal 
Slope 

Reinforce
ment 

(i) Soil 
Nailing 

Soil nail can prevent 
landslides by inserting steel 
reinforcement bars into the 
soil and anchoring them to 
the soil strata. 

This method is ideal for tight spaces 
and irregular shapes. Minimum 
shoring is required, and height of 
wall is not restricted. Hence this 
method is suitable for Bangladesh. 

(ii) 
Anchors 

Anchors can be applied by 
linking at the surface to each 
other by a beam frame 
which is generally made of 
reinforced concrete.  

Installing cost is much higher. This 
method is not suitable for 
Bangladesh. 

(iii) 
Geotextiles 
and 
reinforcing 
grids 

Geotextiles can be layered 
in compacted fill 
embankments to engender 
additional shear strength.  

Greatly enhancing repair options 
when space is tight 

Bio-
Engineeri

ng 

Vegetation 
planting  

Rooted soil has higher shear 
strength than bare soil. For 
deep rooted soil, stability 
increases significantly due 
to root strength mechanical 
effect. 

Bio-engineering solution is mostly 
effective for a moderate country like 
Bangladesh. Initial cost is very low 
compared to other techniques.  
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Figure 2.10: Mechanism of slope failure by block slide due to rainfall (Nasrin, 2013) 

Vegetation will protect the top soil from being washed away by excessive rainfall. Thus, 

they act as an umbrella over the soils which significantly reduces soil erosion. Secondly, 

vegetation will increase shear strength of soil with their root cohesion. Thus, block slide 

failure can be protected using vegetation. Geojute in addition with vegetation helps to 

stabilize slopes in both early and late stages. A typical diagram is shown in Figure 2.11 

showing bioengineering solution aided by geojute. Figure 2.12 shows vetiver grass 

project in the Democratic Republic of the Congo and how it is used for stabilization of 

gullies and roads. 

 

Figure 2.11: Slope stabilization technique using geojute and vegetation (Nasrin, 2013) 
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(a) 

 
(b) 

Figure 2.12: Application of vetiver grass system in the Democratic Republic of the 
Congo for gully control in urban areas and for highway stabilization 
(Source: www.vetivernetinternational.blogspot.com) 

2.6 Studies on Stability Analysis of Slope 

Slope stability has been a common topic all over the world. Different types of analysis 

have been conducted in order to get whether the slope is safe or not. There are many 

methods for the stability analysis of slope. Slope stability analysis can be divided into 

two major parts, this include conventional methods and numerical methods. 

Conventional methods include kinematic and limit equilibrium analysis. Numerical 

methods are generally preferred over the conventional methods and these include 

continuum and discontinuous modelling. Analysis like finite element, finite difference 

and boundary element falls within the continuum modelling and discrete element and 

http://www.vetivernetinternational.blogspot.com)
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discrete fracture network falls within the discontinuous modelling. These methods of 

slope stability have been widely used world over (Ozbay and Cabalar, 2015). Different 

types of slope stability analysis are shown in Figure 2.13. 

 

Figure 2.13: Different methods of slope stability analysis (Kanjanakul and Chub-
uppakarn, 2013; Gupta et al., 2015)  

2.6.1 Limit equilibrium method 

Limit equilibrium method is about balance of resisting and driving force. For slope 

stability analysis, every slope will have a balance when resisting force (weight of soil 

mass) is equal external force acting on soil mass (driving force) (Kanjanakul, 2013). 

The safety of slope depends on many parameters like slope angle, shear strength of soil, 

drainage condition etc.  

Limit equilibrium methods for slope stability analysis can be separated in two parts. 

The first one satisfies force and moment of equilibrium. The result of these method is 



30 
 

factor of safety, which is dependent on mean of force equilibrium. Another one is 

probabilistic slope stability analysis. The result of these method is probability of failure, 

which is dependent on random variable of soil parameter that we concern. 

Table 2.4 describe forces equilibrium methods (e.g., Lowe and Karafiath, 1960; U.S. 

Army Corps of Engineers, 1970). This applies to any shape of slip surfaces and satisfies 

both horizontal and vertical force equilibrium. However, this method is not consider 

moment equilibrium. Another method for slope stability analysis, for example bishop’s 

modified method (Bishop, 1955) doesn’t satisfies horizontal force equilibrium and 

applies only for circular slip surfaces. 

Table 2.4: Characteristics of Slope Stability Analysis (Duncan and Wright, 1980) 

Method Characteristics 
Slope Stability Charts 
(Janbu, 1968; Duncan et al., 
1987) 

(i) accurate enough for many purposes 
(ii) faster than detailed computer analyses 

Ordinary Method of Slices 
(Fellenius, 1927) 

(i) only for circular slip surfaces 
(ii) satisfies moment equilibrium 
(iii) does not satisfy horizontal or vertical force 
equilibrium 

Bishop’s Modified Method 
 
(Bishop, 1955) 

(i) only for circular slip surfaces 
(ii) satisfies moment equilibrium 
(iii) satisfies vertical force equilibrium 
(iv) doesn’t satisfy horizontal force equilibrium 

Forces equilibrium method 
(e.g. Lowe and Karafiath, 1960; 
U.S. Army corps of 
Engineer,1970) 

(i) any shape of slip surfaces 
(ii) don’t satisfy moment equilibrium 
(iii) satisfies both horizontal and vertical force 
equilibrium 

Janbu’s Generalized Procedure 
of Slices 
(Janbu, 1968) 

(i) any shape of slip surfaces 
(ii) satisfies all condition of equilibrium 
(iii) permits side force locations to be varied 
(iv) more frequent numerical problems than 
some other methods 

Morgenstern and prices Method 
(Morgenstern and Price, 1965) 

(i) any shape of slip surfaces 
(ii) satisfies all condition of equilibrium 
(iii) permits side force orientations to be varied 

Spencer’s Method 
(Spencer, 1967) 

(i) any shape of slip surfaces 
(ii) satisfies all conditions of equilibrium 
(iii) permits side force locations to be varied 
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2.6.2 Limit analysis methods 

The limit analysis method models the soil as perfectly plastic material obeying an 

associated flow rule. With this idealization of the soil behavior, two bounding theorems 

(lower and upper bounds) can be proved (Drucker et al., 1952). According to the upper 

bound theorem, if a set of external loads acts on a failure mechanism and the work done 

by the external loads in an increment of displacement equals the work done by the 

internal stresses, the external loads obtained are not lower that the true collapse load. It 

is noted that the external loads are not necessarily in equilibrium with the internal 

stresses and the mechanism of failure is not necessarily the actual failure mechanism. 

By examining different mechanisms, the best (least) upper bound may be found. The 

lower bound theorem states if an equilibrium distribution of stress covering the whole 

body can be found that balances a set of external loads on the stress boundary and is 

nowhere above the failure criterion of the material, the external loads are not higher 

than the true collapse loads. It is noted that in the lower bound theorem, the strain and 

displacements are not considered and that the state of stress is not necessarily the actual 

state of stress at collapse. By examining different admissible state of stress, the best 

(highest) lower bound value may be found (Yu et al., 1998). 

Numerical modelling starts by dividing the slope into a finite number of zones or 

elements. Forces and strains are then calculated for each element using the appropriate 

constitutive laws for the materials in the slope. The most common numerical analysis 

methods available are Finite Difference Methods (FDM), Finite Element Methods 

(FEM), Discrete Element methods (DEM), Boundary Element methods (BEM), and 

Discrete Fracture Network methods (DFN), Constitutive Model Formulation 

(Kanjanakul and Chub-uppakarn, 2013). 

2.6.3 Finite element analysis 

The finite element method is one of well-known numerical methods in engineering 

practice. The basic idea of this method is replacing the continuum having an unlimited 

or infinite number of unknowns by a mathematical model which has a limited or finite 

number of unknowns at certain chosen discrete points called the "nodes" (Newmark, 

1965). Many problems in soil mechanics are concerned with stress and deformations in 

the soil due to boundary and body, forces; therefore, the FEM is used for the evaluating 
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of displacement, forces and strain or stress field starting from initial boundary force or 

displacement field (Maula and Zhang, 2011).  

The FEM of analysis can provide a very good prediction of the behavior of soil structure 

interaction problems if the different construction stages and the material behavior are 

simulated correctly and accurately in the analysis (Janbu, 1957). The benefits of FEM 

include its comprehensive ability to model deformations as well as to predict collapse. 

Geotechnical engineers have recognized that the FEM is a good tool by which many of 

their complicated problems can be solved, according to (Newmark, 1965). The main 

concepts in the FEM are: 

i) Discretization of the region being analysed into finite elements. These discrete 

elements are assumed to be interconnected only at the joints which are called 

nodes. 

ii) The use of interpolating polynomials to describe the variation of a field variable 

within an element. 

Then the following conditions are to be satisfied at each node: 

i) The equations of equilibrium. 

ii) The compatibility of displacements. 

iii) The material constitutive relationships. 

2.6.4 Verification of using FEM in prediction of slope stability 

Over the last decade, many numerical optimization routines to search for the min. F.S. 

have been developed, with comparison to limit equilibrium methods of analysis. The 

applications of stress-strain relationships to the analysis of slope stability have been 

successful in many studies. However, the use factors of safety against local failures in 

the evaluation of slope stability have not received wide attention yet. Huang and 

Yamasaki (1993) presented an approach to predict the critical slip surface of a slope 

stability using the minimum F.S. against local failure. The confirmed the validity of 

this proposed method using a two well established methods of slope stability analysis 

(Sarada, 1979; Bishop, 1955). The researchers also compared the location of a slip 

surface of a slope obtained using the FEM. with the slip surface obtained using slopes 

stability analysis methods. The results of their study show that the F.S. obtained by the 

proposed method is in good agreement with that determined by Bishop’s and Sarma’s 

methods. 
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Fawaz et al., (2014) analysed slope stability using PLAXIS 2D. Soil parameters were 

found from laboratory and in-situ tests. Safety analysis has been conducted for initial 

state, seismic load and excavation conditions. Moreover, some remedies like piles, nails 

and barrettes suggested for slope protection.  

2.7 Studies on Rainfall Induced Landslides 

Landslide cause substantial damages and injuries to the Himalayan regions of 

Afghanistan, India, Nepal, Bhutan and Pakistan. Some other parts of India, Bangladesh 

and Sri Lanka also suffer from it. It is estimated that 30 percent of the world’s landslides 

occur in the Himalayan region (SAARC, 1992). Rainfall induced landslides, a 

prevailing natural calamity in Bangladesh, contributed to a death toll of more than 279 

people, destroying over 5000 homes in Rangamati, Chittagong and Bandarban – three 

hilly districts of Bangladesh (Islam et al., 2017; Sarker and Rashid, 2013). A landslide 

inventory was prepared by Ahmed et al. (2014) for Chittagong Metropolitan Area in 

which different factors like landslide classification. Landslide dimensions, landslide 

activity, potential causes of landslides etc. was studied. A case study of landslide 

disaster in Chittagong University Campus have been studied to understand the geo-

environmental characteristics of landslide disaster in Bangladesh (Sultana, 2013). 

Various types of physical modelling were tested to artificially simulate landslide event 

(Cascini et al., 2010; Iverson and LaHusen, 1989; Collins and Znidercic, 2004; 

Moriwaki et al., 2004) used a three-stage steel flume (23 m long, 7.8 m high, 3 m wide 

and 1.6 m deep) to simulate a full scale landslide experiment. Huang et al. (2012) used 

fibre Bragg grating (FBR) pressure sensors; installing them in a single, 60-m-deep 

borehole to measure pore water pressure profile of a highway in Southern Taiwan 

during three typhoons from 2008 to 2010. Spence and Guymer (1997) examined pore 

water pressure generation in soil including self-fluidization. Tang et al. (2018) used a 

time-series interferometric synthetic aperture radar (InSAR) technique based on 

distributed scatters (DSs) to measure the deformation rate of Wenjiagou landslide area 

per year. Bru et al. (2018) demonstrated a three-dimensional analysis simulating soil 

viscous behavior and the delayed creep formation due to excavation using a viscoplastic 

constitutive model while testing the Portalet landslide. Tran et al. (2017) analysed a 

three-dimensional slope stability throughout a time dependent digital landscape using 
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TRIGRS (Transient Rainfall Infiltration and Grid Based Regional Slope Stability 

Model) along with Scoops3D. 

2.8 Biotechnical Slope Protection 

This type of slope protection is used to reduce the environmental consequences of 

landslide-mitigation measures. When used for landslide remediation or mitigation, 

conventional earth-retaining structures made of steel or concrete usually are not visually 

pleasing or environmentally friendly. These traditional “hard” remedial measures are 

increasingly being supplanted by vegetated composite soil/structure bodies that are 

environment-friendly. This process has come to be known as biotechnical slope 

protection. Common biotechnical systems include geonets anchored by soil nails that 

hold in place soil seeded with grass and geocells with seeded soils in the interstices. 

Biotechnical slope protection consists of two elements: biotechnical stabilization and 

soil bioengineering stabilization, both of which entail the use of live materials 

specifically, biotechnical vegetation stabilization uses mechanical elements (structures) 

in combination with biological elements (plants) to prevent and arrest slope failures and 

erosion. Mechanical and biological elements must function together in a 

complementary manner. Soil bioengineering stabilization, on the other hand, can be 

regarded as a specialized subset of biotechnical stabilization in which live plant parts, 

that is, roots, stems, and branches, serve as the main structural/mechanical elements in 

the slope protection system. 

While detailed slope-stability assessments normally have been carried out by 

geotechnical engineers and engineering geologists, the organic interactions between 

vegetation, soil, and structures that must be evaluated in applying the technique of 

bioengineering stabilization are perhaps better understood by soil scientists, agricul-

turists, foresters, and hydrologists. Thus, the bioengineering approach to slope stabi-

lization requires cooperation of geotechnical and plant-science disciplines working in 

parallel and in unison. 

The development and use of plant root reinforcement models to assess the effects of 

vegetation in slope stability analysis has become a prominent research area all over the 

world with research developments in root anchorage models (Pollen and Simon, 2005; 

Stokes et al., 2009; Fan 2012; Bourrier et al., 2013) and their application in practical 
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stability problems such as shallow landslides or soil erosion (Mickovski and van Beek, 

2009; Thomas and Pollen-Bankhead, 2010; Comino and Druetta, 2009).  

 
Figure 2.14: Influence of vegetation on slope stability (Coppin and Richards, 1990) 

Figure 2.14 shows the main influences of vegetation over factor of safety of slope 

stability. Here, c´ is the effective soil cohesion in natural condition. But, c´R is the 

enhanced cohesion due to addition of roots which acts as reinforcement in the soil. It is 

found that effective soil cohesion could be enhanced up to 33% to 55% depending on 

the other parameters (Nasrin, 2013). “T” is the tensile strength acting on the base of slip 

plane due to presence of roots from vegetation. θ is the angle between roots and slip 

plane when roots become longer. And “D” is the wind load which act parallel to the 

slope. Based on different values at different conditions of these parameters, factor of 

safety has been calculated for slope with presence of vegetation. During factor of safety 

calculation, it has been considered that, for different slopes other factors remain same 

but change in the physical properties of soil. Effect of water were considered as standard 

stagnant water height during cultivation period. 

2.8.1 Modeling of rooted soil behavior 

Roots are extraordinarily complex in nature. The architecture and strength of the root 

varies depending on the species. However, vetiver is the most appropriate vegetation 

for stabilization of hill slopes (Islam et al., 2014; Islam et al., 2017). In this study the 

root behavior of vetiver is modelled as a geogrid element. Geogrid structure have only 
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axial stiffness which enables them to carry only tension. Geogrid elements cannot take 

compression and they have no bending stiffness. The only material property of a 

geogrid is an elastic axial stiffness (Egeo Ageo) that is given in units of force per unit of 

out of plane thickness. Axial stiffness was determined by multiplying the Young’s 

modulus Egeo by the thickness b of the geogrid. Root models, i.e. geogrid elements, 

were allowed two translational degrees of freedom in each node (ux, uy). 

The effect of roots on soil fixation has been reported by several authors. From a 

mechanical point, rooted soil behaviour can be simulated by using different root 

reinforcement models. Some of them are based on traditional limit equilibrium (LE) 

approaches (Greenwood, 2006), other are based on more advanced numerical analysis 

(e.g. Bourrier et al., 2013). The most common mechanical root reinforcement models 

are the perpendicular and inclined root reinforcement model (Wu et al., 1979), the fibre 

bundle model (Pollen and Simon, 2005; Schwarz et al., 2010) the energy approach 

model (Ekanayake et al., 1997) and a number of LE, finite element (FE), and finite 

difference (FD) numerical methods integrating the above models (Mickovski et al., 

2011; Bourrier et al., 2013; Briggs, 2010). All of the approaches consider a composite 

material comprising soil matrix and roots and, therefore, must include two different 

mechanical behaviours in the analysis. Although attempts have been made in the past 

to account for this (Lin et al., 2010; Bourrier et al., 2013), the modelled root system and 

soil properties were either assumed or simplified to suit the particular model which 

made it difficult for practical application. 

The existing strain based rooting models (e.g. fibre bundle model, root bundle model) 

have simulated the failure mechanisms of a group of roots without accounting for 

varying strength of the materials at different strains which are important in both the 

rooted soil simulation and the stability analyses at a slope scale. To exceed these 

limitations, there is a need for a methodology that would combine the simplicity of the 

LE approach while incorporating continuum mechanics concepts and strain 

compatibility within the realistically modelled soil–root composite in order to provide 

the basis for wider, practical application. Similar to the geosynthetic reinforcements 

used in geo-environmental engineering, plant roots enhance the soil strength by 

transferring shear stresses from the soil onto the roots that, due to different elastic 

properties, are better suited to resist it (Mickovski et al., 2009). It is conceivable that, 

as with other reinforcement elements, in the case of rooted soil the strain level 
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corresponding to the root peak strength is higher than the one for soil peak strength due 

to differences in elastic properties of the roots and the soil (Tardio and Mickovski, 

2015). 

To take into account the contribution of root clusters to soil reinforcement, it was 

necessary to scale the geogrid stiffness data, i.e. Egeo and b, according to the total 

stiffness of roots that are considered in the current out of plane. For a group of n roots 

in a cross-sectional area (CSA) class Ai, the total stiffness of the plane sheet Egeo ,Tout, 

b, where Tout is the out of plane thickness of the plane strain model, must be equal to 

the total stiffness of the roots n·Eroot·Ai, where Eroot is the Young’s modulus of the 

considered roots. If we take Egeo = Eroot, the corresponding geotextile thickness must be 

b = Ai*n/Tout (Mickovski, et al., 2011). 

The properties used for the model roots in the simulations included a generic modulus 

of elasticity (Eroot = 75 × 106 N/m2) and root diameter, d. The plane strain model 

assumed that the out of plane thickness, Tout is 1.0 m.  

Root mechanical contribution can also be modelled as additive soil cohesion in the 

Coulomb’s failure criteria using a simple mechanistic model. The additional cohesion 

at the slip surface was defined by two variables: the average root tensile strength and 

root area ratio (RAR). It was assumed that roots are initially perpendicular to the slip 

surface and bend according to the relative displacement of soil on both sides of the 

shear zone (Stokes et al., 2009). In addition to root tensile strength, the pull-out 

resistance of roots has been incorporated as a criterion in slope stability models 

(Waldron, 1977). Numerical analyses have also been performed for rooted soil with the 

finite element method using elastoplastic sub loading tij model, which can simulate 

typical soil behavior (Islam and Shahin, 2013).  

2.8.2 Vetiver grass for slope stabilization 

Vegetation is currently a recognized method in the world to optimize the slope stability. 

Research has been done on using plants to stabilize soil to prevent excessive erosion 

and also to mitigate the effect of landslides. One of the most promising types of plants 

is Vetiver, a type of grass that works very well in many different environments, to 

stabilize slopes against erosion. Specially, Vetiver grass (Vetiveria zizanioides) which 

is a graminaceous plant having fibrous roots reported to reach depths up to 3 m 
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(Erskine, 1992; Hellin and Haigh, 2002), is very popular in slope stabilization. It caused 

backwater depths of up to 400 mm and entrapped more than 90% of the sediments 

coarser than 0.125 mm (Meyer et al., 1995). It is a low cost and environment friendly 

method for erosion control (Truong, 1999). Previous studies have reported on the 

growth and use of vetiver grass in its natural environment (Salam et al., 1993; 

Hengchaovanich, 1999; Truong and Loch, 2004) and in European context (Mickovski 

et al., 2005). Vetiver grass performance on the coastal embankment of Bangladesh has 

been studied (Islam, 2003) and direct shear test on laboratory reconstituted soil samples 

was performed to know shear strength of vetiver grass (Islam et al., 2010). 

Plants growing on slopes can control runoff and erosion through three main 

mechanisms:  

(i) The plant canopy can protect the soil surface from raindrop impact, thus, in 

turn, preventing seal formation, infiltration reduction, and soil detachment 

(Ben-Hur and Latey, 1989). 

(ii) Plant roots can act as an anchor that holds the soil particles together, so 

limiting the risk of landslides along the slope. 

(iii) Rows of plants oriented perpendicularly to the slope direction can be used as 

semi-permeable barriers that reduce the surface runoff velocity so that the 

amount of infiltrated water increases, and the runoff and soil loss amounts 

decrease (Wakindiki and Ben-Hur, 2002). 

The right choice plant material is critical. A tight, dense cover of grass or herbaceous 

vegetation, e.g., provides one of the best protections against surficial rainfall and wind 

erosion. Conversely, deep rooted, woody vegetation is more effective for mitigating or 

preventing shallow, mass stability failures. In a sense, soil bioengineering and 

biotechnical methods also can be viewed as strategies or procedures for minimizing the 

liabilities of vegetation while capitalizing on its benefits. 

2.8.2.1 Influence on surficial erosion 

Vegetation plays an extremely important role in controlling rainfall erosion. Soil losses 

due to rainfall erosion can be described a hundredfold (USDA Soil Conservation 

Service, 1978) by maintaining a dense cover of sod, grasses, or herbaceous vegetation. 

The beneficial effects of herbaceous vegetation or grasses in preventing rainfall erosion 

are discussed below (Nasrin, 2013). 
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(i) Interception 

Erosion occurs when rainfall dislodges soil particles and carries them off a slope, 

forming rills and gullies that can trigger landslides. Raindrops hitting the soil surface 

can also seal the soil particles and make a crust that prevents infiltration and creates 

runoff. Trees and shrubs intercept precipitation before it hits the soil surface. Most of 

the intercepted precipitation evaporates back into the atmosphere, and the moisture that 

drips off the plants causes little soil damage because it has less force. It’s a good idea 

to include evergreen trees in slope plantings because conifers intercept more moisture 

than deciduous trees, especially in the rainy season when deciduous plants have lost 

their leaves. Leaves and branches that fall from the plants shield the soil surface from 

rain drop impact, slow the movement of water across the soil surface, and encourage 

rainfall to soak into the soil. 

(ii) Dewatering 

Soil saturation can trigger erosion and landslides. Plants improve slope stability by 

removing water from the soil. Plants use water, absorbed through their roots, to perform 

basic metabolic processes such as photosynthesis. Plants release absorbed water to the 

atmosphere, by transpiring through pores on the leaves, much as a person sweat. 

Transpiration cools the plant and helps transport minerals up the stems. The rate of 

transpiration varies greatly, depending on the plant species, weather, and other factors. 

A single tree can transpire hundreds of gallons on a hot, dry day. 

(iii) Soil reinforcement 

Roots physically reinforce soils, resist erosion, and increase infiltration of water into 

the soil. Roots form physical pathways (little tunnels) that help water infiltrate the soil. 

Deep, woody roots lock the soil layers together, and lateral roots connect many plants 

into an interlocking grid. Fine feeder roots form a network through the upper soil layer, 

preventing surface erosion. Groundcovers and grasses have relatively shallow roots and 

low biomass, so they prevent surface erosion only, and do not stabilize deep soil. Trees 

possess deeper roots than shrubs and are essential for slope plantings. Puget Sound bluff 

soils often feature porous sandy, gravelly soil overtopping dense, clayey glacial till. 

Rainfall saturates the upper soils and then seeps laterally over the glacial till, causing 

slides. Deep tree roots penetrate into the compacted layer and help tie the layers 
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together, preventing slides. Tree roots occurring at the crest and toe of a slope help to 

prevent wasting in these susceptible areas where larger slides often start. 

(iv) Ecologically healthier  

Vegetation actively decompacts soil through the expansion of the root systems and the 

addition of organic matter to the site. Water absorbs more readily into uncompacted 

soil. Vegetation also encourages soil fauna to thrive. Soil fauna, such as 

microorganisms, insects and worms, condition the soil as well. The cumulative impacts 

of these organisms result in healthier soil that is more resilient during storm events. 

2.8.2.2 Influence on mass wasting 

The most obvious way in which woody vegetation enhances mass stability is via root 

reinforcement. Extensive laboratory studies (Maher and Gray, 1990) on fibre reinforced 

sands indicate that small amounts of fibre can provide substantial increases in shear 

strength. The soil buttressing and arching action associated with roots and the 

stems/trunks of woody vegetation are also important components of slope stabilization. 

In addition, evapotranspiration by vegetation can reduce pore water pressures within 

the soil mantle on natural slopes, promoting stability (Brenner, 1973). The primary 

detrimental influence on mass stability associated with woody vegetation appears to be 

the concern loading and the danger of overturning or uprooting in high winds or 

currents (Tschantz and Weaver, 1988). This problem is likely to be critical for large 

trees growing on relatively small dams, levees, or stream banks. 

2.8.3 Mechanism of soil reinforcement by root 

The roots and rhizomes of the vegetation interact with the soil to produce a composite 

material in which the roots material are fibres of relatively high tensile strength and 

adhesion embedded in the matrix of lower tensile strength. The shear strength of the 

soil is therefore enhanced by the root matrix. 

Since shear strength affects the resistance of the soil to detachment by raindrop impact 

(Cruse and Larson, 1977; Al-Durrah and Bradford, 1982), and the susceptibility of the 

soil to rill erosion (Rauws and Covers, 1988) as well as the likelihood of mass failure, 

root systems can have a considerable influence on all these processes. The maximum 

effect on resistance to soil failure occurs when the tensile strength of the roots is fully 

mobilized and that, under strain, the behavior of the roots and the soil are compatible. 
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This requires roots of high stiffness or tensile modulus to mobilize sufficient strength 

and the 8-10% failure strains of most soils. Root failure occurs when their tensile 

strength exceeded. 

2.8.4 Selection of vegetation 

Most developed and developing countries like Australia, China, India, Malaysia, Spain, 

Thailand and Zimbabwe use vetiver for different erosion protection works. It creates a 

simple vegetative barrier of rigid, dense and deeply rooted clump grass, which slows 

runoff and retains sediment on site. Binna or vetiver grass (Vetiveria zizanioides) is 

used in more than 100 countries of the world (Truong and Loch, 2004). The special 

attributes of vetiver are that it can grow on sites where annual rainfall ranges from 200 

mm to 5,000 mm (Rahman et al., 1996). It can survive in temperature ranging from 0˚C 

to 50˚C. It grows on highly acidic soil types (pH ranges from 3.0 to 10.5). It is also high 

tolerant to Al, Mn, As, Cd, Cr, Ni, Pb, Hg, Se and Zn in the soil (Truong and Baker, 

1998). Its roots are extraordinarily strong with high tensile strength of 75 MPa 

(Hengchaovanich, 1998). Vetiver hedges can also survive even for more than 100 years 

(Verhagen et al., 2008). 

2.8.5 Characteristics of Vetiveria zizanioides: 

Vetiver grass (Vetiveria zizanioides) is widely used all over the world because of its 

effectiveness in slope stabilization, contaminated soil, saline land and other agricultural 

environment. Vetiver grass is a densely tufted perennial grass native to tropical and 

subtropical countries (Bangladesh, India, China, Indonesia etc.). This species grows 0.5 

m to 1.5 m high stiff culms from a highly branched and fibrous root stock (Truong, 

1999). The root system of vetiver can go to a depth of 3 m (Hellin and Haigh, 2002; 

Truong, 1999; Ke et al., 2003) which is usually deep enough to provide grip and 

anchorage to prevent surficial soil slippage under heavy rainfall (Mickovski and van 

Beek, 2009). This characteristic of vetiver grass plays very important role in slope 

stabilization. Vetiver is also able to withstand extreme climate like drought, heavy 

rainfall, inundation, flood, temperatures (-100C to 480C), acidic and alkaline soil 

(Truong and Loch, 2004; Dalton et al., 1996).  
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2.8.5.1 Morphological characteristics 

Morphological characteristics of vetiver are discussed in the following section. 

Different researchers have studied the morphological characteristics of vetiver with 

time which is presented in Table 2.5 and Table 2.6.   

(i) Vetiver grass has no stolon, very short rhizomes and a massive finely structured 

root system that can grow extremely fast, in some applications rooting depth 

can reach 3-4m in the first year. This deep root system makes vetiver plant 

extremely drought tolerant and difficult to dislodge by strong current. 

(ii) Stiff and erect stems, which can stand up to relatively deep-water flow. 

(iii) Highly resistance to pests, diseases and fire. 

(iv) A dense hedge is formed when planted close together acting as a very effective 

sediment filter and water spreader. New shoots develop from the underground 

crown making vetiver resistant to fire, frosts, traffic and heavy grazing 

pressure. 

(v) New roots grow from nodes when buried by trapped sediment. Vetiver will 

continue to grow up with the deposited silt eventually forming terraces, if 

trapped sediment is not removed. 

Table 2.5: Morphological characteristics of vetiver grass with time 

Time 
(Day) 

Maximum Shoot length 
(cm) Average Root length (cm) Average Root 

diameter (cm) 

Arif 
(2017) 

Islam 
(2013) 

Parshi 
(2015) 

Arif 
(2017) 

Islam 
(2013) 

Parshi 
(2015) Arif (2017) 

30 115 25 19 50 20 5 0.11 

60 121 50 40 90 30 15 0.12 

90 125 75 60 100 40 22 0.13 

120 142 100 110 120 45 30 0.13 

180 - 130 140 - 50 40 - 
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2.8.5.2 Physiological characteristics 

(i)  Tolerance to extreme climatic variation such as prolonged drought, flood, 

submergence and extreme temperature from -22oC to 60oC. 

(ii)  Ability to regrow very quickly after being affected by drought, frosts, salinity 

and adverse conditions after the weather improves or soil ameliorants added. 

(iii)  Tolerance to wide range of soil pH (3.0 to 10.5). 

(iv)  High level of tolerance to herbicides and pesticides. 

(v)   Highly efficient in absorbing dissolved nutrients and heavy metals in polluted 

water. 

(vi)  Highly tolerant to Al, Mn and heavy metals such as As, Cd, Cr, Ni, Pb, Hg, Se 

and Zn in the soils. 

Table 2.6: Study on vetiver growth and other parameters from different literature 

Properties 
 
 

References 

Soil 
Type 

Range 
(mean) of 

shoot 
length (m) 

Range 
(mean) of 
root length 

(m) 

Range 
(mean) of 

root 
diameter 

(mm) 

Range 
(mean) 
tensile 

strength 
(MPa) 

Arif, 2017 
Silty 
sand 0.1 - 0.13 0.5 - 1.2 1.1 - 1.3 

Did not 
study 

Parshi, 2015 
Clay 

with low 
plasticity 

0.1 - 0.13 0.05 to 0.4 0.2 - 2.2 Did not 
study 

Islam, 2013 Silt 0.25 - 
0.13 0.2 to 0.5 0.34-0.98 Did not 

study 

Hengchaovanich, 
1999 

Sandy 
loam 

Did not 
study 

0.34-0.98 
(0.66) 

Did not 
study 

53.9-116.3 
(85.1) 

Mickovski and 
van Beek, 2009 

Silt Up to 3.0 Did not 
study 

Did not 
study 

(4.91) 

Mickovski et al., 
2005 Silt 

Did not 
studied 

0.11-0.275 
(0.219) 

0.30-1.45 
(1.02) 

Did not 
studied 
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2.8.5.3 Ecological characteristics 

Although vetiver is very tolerant to some extreme soil and climatic conditions, it is 

intolerant to shading. Shading will reduce its growth and in extreme cases, may even 

eliminate the grass. Therefore, vetiver produces best growth in the open and weed 

control may be needed during establishment phase. Vetiver grass can be eliminated 

easily either by spraying with glyphosate or uprooting and drying out. 

2.8.5.4 Mechanical characteristics 

In a soil block shear test, Hengchaovanich and Nilaweera (1996) also found that root 

penetration of a two-year-old Vetiver hedge with 15cm plant spacing can increase the 

shear strength of soil in adjacent 50 cm wide strip by 90% at 0.25 m depth. The increase 

was 39% at 0.50 m depth and gradually reduced to 12.5% at 1.0 m depth. Moreover, 

because of its dense and massive root system it offers better shear strength increase per 

unit fiber concentration (6-10 kPa/kg of root per cubic meter of soil) compared to 3.2-

3.7 kPa/kg for tree roots. 

Increase in water infiltration is one of the major effects of vegetation cover on sloping 

lands and there has been concern that the extra water will increase the pore water 

pressure in the soil which could lead to slope instability. However, field observations 

show much better counter-effects. First, planted on contour lines or modified patterns 

of lines which would trap and spread runoff water on the slope, the extensive root 

system of vetiver grass helps prevent localized accumulation of surplus water and 

distribute it more evenly and gradually. Second, the possible increased infiltration is 

also balanced by a higher, and again, gradually rate of soil water depletion by the grass. 

2.8.6 Infiltration and soil resistance capacity 

Infiltration capacity of soil under vegetative barriers is a major parameter to be 

observed. Soil variables such as bulk density, particle density, porosity, field capacity 

and hydraulic conductivity affects the infiltration capacity of soil (Dutta and Matin, 

1993). Dass et al. (2010) found that vegetative barriers with longer and thicker roots 

and significantly higher dry weight and volume can make the soil profile more porous 

and permeable than bare soil condition, resulting in greater channelling and infiltration 

of runoff. Oshunsanya (2013) used Vetiver grass (Vetiveria nigritana) alleys to observe 

the infiltration capacity of soil which increases with the installation of Vetiver Grass 
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Hedgerows (VGH) with respect to the control plot. The reason is, soil particles deposit 

in higher rate in front of Vetiver hedgerows resulting in higher rate of infiltration in that 

area (Oshunsanya et al., 2008). 

Most of the experiments conducted with Vetiver grass under artificially simulated 

rainfall events are based on large scale physical modelling, needs longer duration for 

the growth of Vetiver and requires a large space for experimental set-up. Shudhishri et 

al. (2008) used a 150 m2 (30 m × 5 m) plot with 11% slope on a degraded hill slope for 

three consecutive years (2000-2002). Donjadee and Tingsanchali (2012) prepared three 

experimental plots which are 10.44m, 8.08m and 6.71 m in length respectively, Vetiver 

grass (Vetiveria nemoralis) used here took one year to grow up. Babalola et al. (2007) 

used a plot of 40 m × 3 m for a 7% slope during the early and late growing seasons of 

2003-2005 for VGS, VGM and OMF. Chaowen et al. (2007) experimented on three 

plots each of 7 m × 20 m with three strips of Vetiver grass (Vetiveria zizanioides) from 

1998 to 2005. Owino et al. (2006) used nine runoff plots each of 16 m length and 2 m 

width, runoff and nutrient loss were measured from June 2000 to August 2001 (more 

than a year). Due to area and time limitations, sometimes performing laboratory 

experiments on a large area covering a long duration of time become difficult. In this 

study, a relatively small physical model is used with younger (in terms of age) 

vegetation to observe and compare the runoff resistance capability and infiltration 

capacity of soil with existing literatures conducted on relatively large physical models. 

2.9 Causes of Slope Erosion 

Surface runoff and erosion contribute widely to land degradation in many parts of the 

world, because of their contributions to losses of water and soil fertility, on the one 

hand, and their intensification of flooding and surface water pollution risks, on the other 

hand. Top soil erosion of natural slopes become more vulnerable in bare soil where top 

surface is not covered with significant vegetation since vegetation acts as a natural 

reinforcement of soil. 

2.9.1 Mechanics of erosion 

Prevention and control of erosion depends on understanding of the mechanics of the 

erosion process. Erosion is basically a twofold process that involves: (1) particle 

detachment and (2) particle transportation. Drag or tractive forces exerted by the 

flowing fluid are resisted by inertial or cohesive forces between particles. Erosion is 
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caused by drag or tractive forces which are the function of velocity, discharge, shape of 

particles and roughness of particles. On the other hand, erosion is resisted by inertial, 

friction and cohesive forces which are the function of basic soil properties, soil structure 

and physicochemical interactions.  

Erosion protection essentially consists of: (1) decreasing drag or tractive forces by 

decreasing the velocity of water flowing over the surface or by dissipating the energy 

of the water in a defended area, and (2) increasing resistance to erosion by 

protecting/reinforcing the surface with a suitable cover or by increasing inter particle 

bond strength. 

2.9.2 Principal determinants of erosion 

There are a lot of factors which cause erosion of soil. The principal determinants of 

erosion are discussed in the following article. 

2.9.2.1 Rainfall erosion 

Rainfall erosion is controlled by four basic factors, namely, climate, soil type, 

topography, and vegetative cover. The most important climatic parameters controlling 

rainfall erosion are intensity and duration of precipitation. Wischemeir and Smith 

(1978) have shown that the most important ‘single’ measure of the erosion-producing.  

2.9.2.2 Wind Erosion 

Wind erosion is controlled by the same basic factors that control rainfall erosion. The 

climatic factors that most affect soil moisture are amount and distribution of rainfall, 

temperature, and humidity. Only relatively dry soils are susceptible to wind erosion. 

The most important characteristics of the wind are its velocity, duration, direction, and 

degree of turbulence. Wind can only pick up and carry in suspension dry soil particles 

primarily less than 0.1 mm, that is fine silt size materials. 

2.9.3 Causes of surface erosion 

Soil erosion by wind or water is a natural phenomenon that is in equilibrium with 

landscape and ecosystems dynamics. Human development acts on this equilibrium 

usually increasing the degree of the process. Surface runoff and erosion contribute 

widely to land degradation in many parts of the world, because of their contributions to 

losses of water and soil fertility, on the one hand, and their intensification of flooding 
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and surface water pollution risks, on the other hand. Top soil erosion of natural slopes 

become more vulnerable in bare soil where top surface is not covered with significant 

vegetation since vegetation 14 acts as a natural reinforcement of soil. Two-fold 

mechanisms may be involved with top soil erosion (Nasrin, 2013).  

(i)   Raindrop impact energy loosens the top soil: After a rainfall over significant 

time raindrop impact energy may loosens the bond among the soil particles and 

becomes vulnerable to sheet erosion. 

(ii)   Surface runoff carries it downwards: the loosened soil mass is subjected to an 

additional hydraulic push by the surface runoff, carries it downwards and 

induces a failure surface. 

Runoff occurs when the rainfall intensity exceeds the soil infiltration rate and the soil 

surface water holding capacity, therefore, a decrease in the infiltration rate could 

increase the runoff. The main factor that decreases soil infiltration under rainfall in arid 

and semi-arid regions is seal formation at the soil surface (Morin et al., 1981; Ben-Hur 

and Letey, 1989). A surface seal is thin and is characterized by greater density and 

lower saturated hydraulic conductivity than the underlying soil (Wakindiki and Ben-

Hur, 2002). Soil erosion processes comprise rill and inter rill processes: runoff from a 

soil surface may concentrate into small, erodible channels known as rills or gullies, and 

thereby damage earth embankments and infrastructures.  

2.9.4 Soil erosion control 

The Vetiver System is the premier soil erosion method outside of temperate zones. 

Narrow hedgerows of Vetiver grass will spread out rainfall runoff across the slope, act 

as a filter to trap erosion sediment, create natural terraces and reduces the velocity of 

rainfall runoff. It has application for on farm soil and water conservation, rehabilitation 

of eroded lands, and prevention of erosion on sloping lands. Figure 2.15 shows the 

mechanism of soil erosion reduces by vetiver grass. 

The combination of deep roots with tensile strength of 75 MPa that improve the shear 

strength of soil by as much as 40% makes vetiver grass an ideal plant for stabilizing 

steep and unstable slopes. The Vetiver System when applied to such slopes significantly 

reduces the probability of land slippage and reduces the need for “hard solutions”. 
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Applications include hill slopes, highway, railway, riverbanks, and public utility right 

of ways, canal, dikes, and levee slopes. 

 
Figure 2.15: Mechanism of reduction of runoff (Carlin et al., 2003) 

On an average, the hilly area has soil loss rate about 27 ton per hectare per year. With 

the use of Jute Geotextile (JGT) the loss can be reduced up to 10 ton per hectare per 

year (Molla, 2013). JGT Is hygroscopic in nature due to the intrinsic properties of jute 

fiber and its flexibility increases dye to absorption of water. JGT creates a moist 

environment around the soil surface which is conductive to rapid growth of vegetation. 

It bio-degrades in course of time (normally within one to two years) adding nutrients to 

the soil at micro level. Once vegetation starts frowning, the role of JGT is taken over it. 

When vegetation is fully grown, the vegetating cover provides canopy interception to 

falling rain drops and protects the soil from splash detachment. The fibrous root system 

of vegetation penetrates the soil and reinforces the slope soil and provides long term 

slope stability.  

Soil erosion can also be controlled with the use of Jute Geotextile (JGT) which can 

reduce up to 10 ton per hector per year. A study conducted by Molla (2014) evaluates 

the performance of JGT for soil erosion control. It was found that soil loss for 500 gsm 

jute mat is higher than for 700 gsm jute mat. For both JGT, soil loss decreases 

significantly compared to the controlled bare slope (Molla, 2014).  

2.10 Soil Nailing for Enhanced Stability of Slope 

Soil nailing is a technique which is widely used all over the world to reinforce soil and 

increase its stability. It is commonly used for stabilizing slopes, excavation and 

retaining wall. The basic concept of soil nailed wall relies upon the transfer of resisting 

tensile forces generated in the nails into the ground through friction or adhesion 
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mobilized at the interfaces. As the ground exerts the driving forces, i.e. lateral earth 

pressure, on the wall or weight of a potentially sliding soil mass, so it provides the nail 

bond resistance. This friction interaction between the ground and the nail restrain the 

ground movement.  

Soil nailing originated from rock-bolting, multi anchorage systems and from 

reinforcement soil techniques. Many retaining walls were built in France using 

numerous bars as rock anchor in the early 1960s (Bonazzi and Colombet, 1984). Similar 

techniques of supporting tunnel and underground galleries with reinforced bars and 

bolts were developed by New Austrian Tunneling method (NATM) in the mid-1960s 

(Bruce and Jewell, 1986). In 1972, the first reported soil nail wall was constructed in 

Versailles, France (FHWA, 1993). By 1988, at least 50,000 m2 of soil-nailed walls and 

steep slopes had been constructed in France (Bruce and Jewell, 1986). In the mid-1990s, 

more than 500 soil-nailed walls were constructed in Germany (Federal Highway 

Administration, 1997). By 2001, more than 500 soil-nailed walls had been constructed 

for highway works in United States. In the United Kingdom, soil nailing for reinforcing 

of slopes and walls was first used in the late 1980s. In Canada, soil nailing was started 

in the early 1980s as an excavation support technology. 

Soil nail system comprises of following components: 

(i) Soil Nails: Steel are the main elements of a soil nailed system. These are 

placed in pre-drilled holes and are grouted in place. 

(ii) Grout: It is a neat cement grout which fills annular space between nail bar and 

surrounding ground. 

(iii) Nail head: The nail head is the threaded end of the soil nail that protrudes from 

the wall facing. 

(iv) Hex nut, washer and bearing plate: These components are attached to the nail 

head and are used to connect the soil nail to the facing. 

(v) Slope facing: A slope facing generally serves to provide the slope with surface 

protection, and to minimize erosion and other adverse effects of surface water 

on the slope. 

Design of a soil nailed system depends on following factors: 

(i) Nail characteristics 

(ii) Soil characteristics 
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(iii) Nail inclination 

(iv) Bond strength of the grout 

(i)     Nail characteristics 

Among the various properties of nail length, spacing and diameter governs the 

performance of a nail. Generally high yield deformed bar of diameter 25 mm, 30 mm 

and 35 mm are used. Length of nail has significant impact in global factor of safety and 

usually factor of safety increases with the use of longer nails. Spacing of nail is another 

important factor which is directly related with factor of safety. Although less spacing 

increases factor of safety but it may not be cost effective sometimes. On the other hand 

widely spaced nails may not be effective in ensuring that soil mass and nail act together 

as an integral mass to prevent instability. 

(ii)     Soil characteristics 

Soil parameters cohesion and friction angle have great effects on factor of safety.   

(iii)   Nail inclination 

Soil nails are generally inclined downwards 5o to 20o to facilitate proper grouting which 

is carried out by gravity or low pressure. A small downward inclination can also 

maximize the average tensile reinforcing effect of the soil nails in the reinforced soil 

mass. 

(iv)   Bond strength of grout 

Bond strength of grout is defined as the mobilized shear resistance along the soil-grout 

interface. The bond strength of drilled and grouted nails is affected by: (i) Ground 

conditions around the nail (soil type and conditions) (ii) Nail installation technique 

including drilling method, grouting procedure, grout type, and size of the grouted zone. 

For drilled and grouted nails in cohesion less soil, the magnitude of the overburden 

pressure and the nature of the granular soil affect the soil friction angle, which in turn 

affects the bond strength.  

Root system of trees often works as soil nailing (Figure 2.14). Although root can not 

take as much tension as steel nails, root architecture can effectively increase soil shear 

strength. Especially brush type roots contain many roots in a single clump. Thus, 

combined action of roots gives stability like steel nailed slope. The root system can also 

be modeled as soil nailing.  
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2.11 Summary 

Landslide vulnerability is an important issue for people living in the hilly areas of 

Chittagong city. In the recent years, landslide has occurred regularly causing hundreds 

of people to die. The main mitigation strategies are stopping of hill cutting, resettlement 

of the affected people, vegetation and development of robust policy. Previous studies 

on slope stability reveals that vegetation, anchor, geotextile are the common methods 

adopted to increase the factor of safety against landslide possibility (Jadid, 2016; Jadid 

et al., 2018; Khan et al., 2017; Shahriar, 2018). Different methods are compared in this 

paper with their applicability and suitability. Single method is not effective for 

preventing landslides. Among the different methods, bioengineering with jute 

geotextiles, soil nailing and proper drainage is the most effective solution. With 

appropriate vegetation (e.g. Vetiveria zizanioides) and proper techniques landslide 

occurrences can be effectively controlled. Proper analysis can be done across the 

dangerous locations of the hill tracts in order to identify the vulnerable slopes.  

Different model test was conducted to understand the effect of vegetation to control 

erosion. Vegetative cover not only decreases soil loss but also increases the stability of 

slopes against landslides. From literature it is established that vegetation can effectively 

absorb the rainfall impact energy and reduces the chances of rain cut erosion. Although 

different model studies have been conducted all around the world, the investigation on 

hill slopes of Bangladesh through laboratory model is exceedingly rare. Hence, it is 

necessary to know the effectiveness of vetiver grass against erosion on Bangladesh 

perspective. 

Besides laboratory models, numerical analyses have been conducted by many 

researchers. Study on slope stability analysis with different methods of stabilization 

(e.g. vegetation, nailing, geogrid etc.) is quite common. Numerical modelling like 

Finite Element Method have been done comparing different field and model laboratory 

tests. There is little study on effect of vetiver, degrees of saturation and nailed slope 

with vegetation. Thus, this study aims to understand the behaviour of rooted soil 

through laboratory model study and numerical investigation. Hence this study will try 

to fulfil the previous knowledge gap in this field. 
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Chapter 3 

EXPERIMENTAL PROGRAM 
 

3.1 General 

From the present state of art, it is evident that many researches have been conducted on 

the numerical modeling of rooted behavior of soil. However, from Bangladesh 

perspective, the number of researches in this field is limited. The objective of this 

chapter is to describe the experimental program that has been carried out to conduct the 

research. Here, the location of the tests for the research has been shown. Then all the 

field and laboratory test procedures have been discussed. During field investigation, 

both disturbed and undisturbed samples were collected. Laboratory tests and all model 

tests were performed on the collected samples at the Geotechnical Laboratory of 

Department of Civil Engineering, BUET. 

3.2 Experimental Program 

The experimental program includes the collection of soil samples from landslide prone 

area of Rangamati and different tests which have been conducted on the collected soil 

samples. The experimental investigation will also be used to obtain input soil 

parameters for numerical modeling. 

3.2.1 Collection of soil samples 

To characterize the soil properties of Chittagong hill slopes, six locations were selected. 

A number of laboratory tests were conducted in order to determine different index and 

engineering properties of collected soil samples. Locations of the collected soil samples 

are mentioned in Table 3.1 and Figure 3.1 and Figure 3.2.  

3.2.2 Method of collection 

Undisturbed samples were collected using Shelby tube from a depth of 1 m from each 

location. Then the Shelby tube was waxed both at top and bottom in order to maintain 

the moisture content as same as the field condition. Before testing, the undisturbed 

samples were extruded using a mechanical extruder. The method of soil collection is 

showed in Figure 3.2. Although it would be better to collect soil samples from different 

depths, for simplification samples were collected only from the top layer. The slope 

was assumed to be homogenous.  
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Figure 3.1: Locations of collected soil samples 
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(a) (b) 

(c) (d) 

(e) (f) 
Figure 3.2: Location and method of collection of undisturbed soil sample from six 

locations of Rangamati (a) Manikchari Army Camp (S-1) (b) Manikchari 
(south) (S-2) (c) Shapchari Shalbagan (S-3); (d) Deppoyachari Jatri Chauni 
(S-4); (e) 3 No. Shapchari Union, 1 No. Ward, Moddhapara (S-5); (f) 
Kaching, Rangamati-Khagrachari Road (S-6) 
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Table 3.1: Locations of collected soil sample 

Sample ID Location Latitude Longitude 

S-1 Manikchari Army Camp 220 38ꞌ 55.8492ꞌꞌ N 920 8ꞌ 15.7956ꞌꞌ E 
S-2 Manikchari (South) 220 38ꞌ 41.7948ꞌ N 920 8ꞌ 18.5316ꞌꞌ E 

S-3 Shapchari Shalbagan 220 38ꞌ 49.1352ꞌꞌ N 920 7ꞌ 50.3904ꞌꞌ E 
S-4 Deppoyachari Jatri Chauni 220 38ꞌ 38.9184ꞌꞌ N 920 8ꞌ 35.9544ꞌꞌ E 

S-5 
3 No. Shapchari Union, 1 
No. Ward, Moddhapara 220 38ꞌ 46.5684ꞌꞌ N 920 8ꞌ 45.9984ꞌꞌ E 

S-6 Kaching, Rangamati-
Khagrachari Road 220 41ꞌ 32.2008ꞌꞌ N 920 6ꞌ 20.7684ꞌꞌ E 

 

Table 3.2: Test scheme to determine the properties of soil samples 

Properties 
of soil Name of the test ASTM 

reference 

Test 
performed on 

the soil 
samples 

Parameters to be 
determined from 

test 

In
de

x 
Pr

op
er

tie
s  

Grain size 
distribution 

ASTM C 
136 

All six 
samples 

Grain size 
distribution curve 

Natural Moisture 
Content 

ASTM D 
2974 

All six 
samples 

Natural Moisture 
content 

Specific Gravity 
Test 

ASTM D 
854 

All six 
samples Specific gravity 

Density test ASTM D 
7263 

All six 
samples 

In-situ density 
and dry density 

Atterberg Limit 
test 

ASTM D 
4318 

All six 
samples 

Liquid Limit & 
Plastic Limit  

En
gi

ne
er

in
g 

Pr
op

er
tie

s 

Direct Shear Test 
(CU) 

ASTM D 
6528 

S-1, S-2, S-4, 
S-5 & S-6 

Shear strength 
parameters (c & 

ϕ) 

Unconfined 
compression test 

ASTM 
D2166 S-3 Cohesion (c) 

Falling head 
permeability Test 

ASTM D 
5084 

S-1, S-2, S-4, 
S-5 & S-6 Permeability (k) 

Consolidation Test ASTM D 
2435 S-3 Permeability (k) 
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3.2.3 Determination of soil properties of the collected samples 

To determine the index and engineering properties of soil, a number of tests were 

conducted following ASTM standards. The list of experiments and no of tests are 

presented in Table 3.2. 

3.3 Model Study to Investigate Erosion Control Potential of Vetiver 

Spatial and temporal limitations make large-plot scale physical modelling of slope 

inefficient in some cases. A small-plot scale physical modelling representative to 

natural condition can be a solution to this. Erosion model was developed to simulate 

the details of the soil erosion process on hill slopes. Generally, when the rain fall 

intensity exceeds soil infiltration capacity, the excess rain flows down and forms a sheet 

flow on the slope. A glass model and a rainfall distribution system were developed in 

order to quantify the erosion potential of hill slopes. Two conditions were selected for 

the study, one was bare slope and the other was vegetated slope. The performance of 

the slopes was investigated under rainfall. 

3.3.1 Soil 

The soil on the site was selected based on the field inspection of recent landslide in 

Rangamati (2017). To prepare the model, the soil sample was collected from Kaching, 

Rangamati-Khagrachari Road (S-6) (Figure 3.3).  

 
 Figure 3.3: Soil sample used for small scale model 
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3.3.2 Reduced scale slope model 

A physical model was used to assess the erosion potential of hill slopes. A trapezoidal 

glass module was manufactured having a slope of 1V:1H. The length, width and height 

of the model was 900mm, 600mm and 600mm respectively. The dimensions of the 

glass module is shown in Figure 3.4. Glass module enabled to observe clearly the 

change of slope due to surface soil erosion from the side views. The model represents 

a typical hill slope with a reduced form. The geometry scaling ratio used in this model 

was 1:15 compared to the typical hills slope in Rangamati.  

 
Figure 3.4: Isometric view of glass module (dimensions are in mm) 

3.3.3 Method of soil placement 

The reduced soil model was filled with soil with a uniform density. The density of the 

slope model was kept similar to the field condition from where the soil had been 

collected. The in-situ density of the site soil was determined from undisturbed samples. 

To achieve the similar density in model slope, soil was compacted with a hammer 

weighs 2.5kg and the drop height was 304.8 mm. Since the volume of each layer was 

known, certain amount of soil was placed to ensure the representative density of the 
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soil. To achieve the density, soil was weighed and put in the glass chamber and then 

compacted in every three-inch layers with the use of the hammer. The compaction 

energy was just sufficient to represent the perfect field density. Thus, the soil was 

compacted with a density near to the collected samples from site. 

3.3.4 Rainfall simulator 

For artificial rainfall simulation, a portable perforated steel tray rainfall simulator was 

used which was designed by Chowdhury et al. (2017). This drip-type artificial rainfall 

simulator includes a 1.11 m2 (1.22m×0.91m) (Figure 3.5) rectangular tray made of mild 

steel with a pipe supply-based water connection system, enabling it to simulate any 

artificial rainfall on a structure (physical model) having an area equal or less than 1.11 

m2. From length and width size each, a space of 0.152 m was left out because of further 

components’ use or other accidental purposes. A 50 mm high steel boundary was 

provided around the perforated tray to maintain a constant depth of water on the tray 

(Figure 3.5 and Figure 3.6). 2 mm pore opening is used in the tray having a centre to 

centre spacing of 25 mm. On a rectangular grid of 1.07m×0.762m, 1305 pore openings 

were created using a hand drill machine having 2 mm drills. The whole perforated tray 

was punched at first so that the pores can be located very clearly while the final drilling 

takes place. The pore diameter was maintained in an equal size in both the inner and 

outer part of tray/drill. In spite of having pore openings of almost equal size, the tray 

must be kept completely at level with the horizontal.  

The simulator has been calibrated by Chowdhury et al. (2017). It can produce 188 mm/h 

rainfall intensity with a drop size distribution slightly greater than natural rainfall 

(Median diameter, D50=4.18mm). Drop size distribution is at conservative side being 

greater than the natural rainfall because the greater the drop size of the rainfall, the 

greater the velocity gain due to gravitational force (Laws and Parsons, 1943) which 

causes comparatively more erosion. Drop size distribution was estimated using Flour 

Pellet Method (Miguntanna 2009; Egodawatta 2007; Navas et. al. 1990; Clarke and 

Walsh 2007; Bentley 1904). The simulator performs satisfactorily in terms of rain drop 

size distribution (D50), spatial variability (according to Christiansen’s Uniformity 

Coefficient), drop velocity (46.67% of the terminal velocity of natural rainfall) and 

rainfall accumulation rate (188 mm/h rainfall intensity within 10 minutes) (Chowdhury, 

et al., 2017).  
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Figure 3.5: Schematic diagram of the rainfall simulator (dimensions are in mm) 

 
Figure 3.6: 1.22m×0.91m Rectangular Perforated Tray with 50mm Steel Boundary in 

all sides 

3.3.5 Model setup for erosion test 

A slope of was developed using the soil sample S-6 by maintaining the same density as 

found in the field. After preparation of the model, the slope was measured and found 

that 1V:2.5H. Two models were developed to simulate two conditions, one for bare soil 

with no vegetative cover and the other one was rooted soil with vegetation. For the 

rooted soil model, vetiver sapling was sowed on 15th December with a centre to centre 

spacing of 100 mm as shown in Figure 3.7 and Figure 3.8. 
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At each point, two saplings were planted since there was a chance of wilting of vetiver 

plants. To understand the failure pattern of the slope, five thin layers of lime was placed 

at equal height during preparation of soil samples. The vetiver grass was allowed to 

grow for 90 days under enough sunlight and appropriate moisture. Previous study 

suggests that vetiver growth should be taken after one year. Since, the present study is 

a reduced scale model test, the vetiver growth was reduced for 90 days rather than one 

year.  

The rainfall simulator tray was placed 10 ft. above ground in order to simulate actual 

rainfall intensity (Figure 3.9). The tray was levelled horizontal using spirit level in order 

to maintain uniform rainfall distribution. Tap water was used as rainfall water. The 

experimental program is showed in detain in Table 3.3. 

 
Figure 3.7: Layout plan of vetiver sapling during initial plantation in model 

(dimensions are in mm) 
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(a) 

  

(b) 

Figure 3.8: Plantation of vetiver grass in glass model after two weeks (a) top view; (b) 
side view 
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(c) 
 

(a)                               
Figure 3.9: Collection of eroded soil: (a) rainfall from perforated tray; (b) eroded soil 

with runoff water collected in a tray; (c) eroded soil was filtered to separate 
water 

Table 3.3: Experimental plan for the reduced scale slope model 

Parameters Condition 
Test condition Bare and rooted 

Slope angle 21.80 
In-situ density of soil 16.8 kN/m3 

Rainfall intensity 188 mm/hr 

Rainfall duration 30 minutes 
Vetiver spacing 100mm 
Age of vetiver 90 days 

Average root length of vetiver 35.6 cm 

(b) 
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3.3.6 Collection of eroded soil  

After application of artificial rainfall from rainfall simulator tray, the portion of rainfall 

infiltrates into the soil and rest causes direct runoff. Because of direct runoff, some soil 

particles washed away which causes surficial soil erosion. To quantify the amount of 

erosion, the runoff water was collected in a tray and the volume of the runoff water was 

measured.  Then, the soil and water mixture were filtered through filter paper to 

separate the soil mass from water. Finally, the collected moist soil was dried in oven to 

get dry soil weight. The process is illustrated in Figure 3.9.  

3.4 Summary 

The present study area for the experimental program is selected in the hilly areas of 

CHT. Both disturbed and undisturbed soil samples were collected from the selected 

locations of Rangamati and tested in the laboratory to determine the index and 

engineering properties of soils in hill slopes. Finally, the details of the laboratory 

models which have been used to determine the erosion potential of hill slopes under 

rainfall are also discussed in this chapter.  
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Chapter 4 

NUMERICAL MODELING AND ANALYSIS 
 

4.1 General 

This chapter discussed about the numerical program used for stability analysis of hill 

slopes. To develop numerical models, PLAXIS 2D software (Version-8.6) was used. 

Stability analysis were conducted for different conditions of slopes such as bare slope, 

rooted slope, nailed bare slope and nailed rooted slope. Analysis was conducted also 

for different types of soil, different slope angle and different root zone depth. Besides 

PLAXIS 2D, GEO5 was also used in order to simulate the same scenario and to 

compare between LEM and FEM. The details of the numerical models have been 

presented in this chapter. 

4.2 Development of FEM Model 

A finite element model was developed using PLAXIS 2D software. Numerous analyses 

were conducted depending on the different soil and geometric properties.  

4.2.1 Geometry of the model 

A scheme of 2D slope geometry is defined using two parameters: soil type and slope 

angle β of a slope. The slope was assumed rectilinear. The slope height is considered 

as 35 m and the slope length varies as a function of slope angle. The base height and 

other dimensions are considered constant and the values are assumed depending on the 

practical height of Rangamati Hill slopes. The soil considered in the model is 

homogeneous up to 35m depth. A different domain with appropriate dimensions is built 

as illustrated in Figure 4.3. This domain was meshed using an adaptive triangular mesh 

available in PLAXIS. Therefore, during simulations for each scenario, the density of 

soil was kept constant.  

4.2.2 Boundary conditions and mesh generation 

The boundary condition of the model was selected according to the physical slopes. 

The bottom layer of the model was assumed to restrain all movements (vertical and 

horizontal) of the soil mass. The sides of the model were restrained against horizontal 
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movement. The sides can only allow vertical movements along the z direction. Global 

coarseness of the mesh was selected as ‘coarse’. 

 

 

 

 

 

 

 

Figure 4.1: Geometry of typical FEM Model (Dimensions are in m) 

4.2.3 Model used in this study 

For carrying two-dimensional finite element analysis, there are two models available in 

PLAXIS 2D. One is plane strain model and the other one is axisymmetric model. Plane 

strain model is suitable for uniform cross section and corresponding stress state and 

loading scheme over a certain length perpendicular to the cross section (Z direction). 

Otherwise an axisymmetric model is normally used for circular structures with uniform 

radial cross section and loading scheme around central axis, where the deformation and 

stress state are assumed to be identical in any radial direction. For slope stability 

analysis, it extends in longitudinal direction for a large distance, so that a plane strain 

model is applicable. Hence plain strain model is most suitable for analysis of slope 

stability.   

4.2.4 Elements  

In PLAXIS, there are two types of triangular elements to model soil layer and other 

volume clusters: 6-node and 15-node elements. 15 nodded elements provide fourth 

order interpolation for displacements and the numerical integration involves twelve 

Gauss points (stress points). On the other hand, a 6 nodded triangle provides a second 

order interpolation for displacements and the numerical integration involves three 

Gauss points. 15-noded triangles consume more memory and require more time for 

calculation than 6-noded triangles. Failure load and safety factors are usually over 

predicted using 6-noded elements, whereas 15 nodded elements are quite accurate for 
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this type of calculation. In the present study, 15 nodded triangular elements have been 

used.  

4.2.5 Soil properties 

In order to model a specific soil, there are many properties need to be known as input 

parameters in PLAXIS. For different types of soil model there are some specific 

parameters which are needed to be determined. The soil of the present study was 

modelled according to Mohr-Coulomb (MC) model. The linear elastic perfectly plastic 

Mohr-Coulomb model involves five input parameters, i.e. E and ν for soil elasticity; ϕ 

and c for soil plasticity and y as an angle of dilatancy. This Mohr-Coulomb model 

represents a ‘first order’ approximation of soil behaviour and usually used for a first 

analysis of the problem considered. For each layer one estimates a constant average 

stiffness or a stiffness that increases linearly with depth. Due to this constant stiffness, 

computations tend to be relatively fast and one obtains a first estimate of deformations. 

The main limitation of the Mohr-Coulomb model is that it includes only a limited 

number of features that soil behaviour shows in reality. Although the increase of 

stiffness with depth can be taken into account, the Mohr-Coulomb model does not 

neither include stress-dependency nor stress-path dependency nor strain dependency of 

stiffness or anisotropic soil. In general, effective stress states at failure are quite well 

described using the Mohr-Coulomb failure criterion with effective strength parameters 

ϕꞌ and cꞌ. 

Undrained effective stress analysis was used in combination with effective strength 

parameters ϕꞌ and cꞌ to model the material’s undrained shear strength (Undrained A). In 

this case, the development of the pore pressure plays a crucial role in providing the right 

effective stress path that leads to failure at a realistic value of undrained shear strength 

(cu or su). If the drainage type set to Undrained, PLAXIS will automatically add the 

stiffness of water to the stiffness matrix in order to distinguish between effective 

stresses and (excess) pore pressures.  

Dilatancy is the volume change observed in granular materials when they are subjected 

to shear deformations. The angle of dilation controls an amount of plastic volumetric 

strain developed during plastic shearing and is assumed constant during plastic 

yielding. The value of y =0 corresponds to the volume preserving deformation while 



67 
 

in shear. Clays (regardless of overconsolidated layers) are characterized by a very low 

amount of dilation (y ≈0). As for sands, the angle of dilation depends on the angle of 

internal friction. For non-cohesive soils (sand, gravel) with the angle of internal friction 

ϕ>30° the value of dilation angle can be estimated as y =ϕ-30°. The use of a positive 

dilatancy angle may lead to unrealistically large tensile pore stresses and as a result, an 

unrealistically large shear strength. The use of a negative dilatancy angle may lead to 

unrealistically high pore pressure and unrealistic liquefaction type of behaviour. Hence, 

for Undrained (A), dilatancy angle (y) is assumed to be zero.  

During consolidation analysis, a proper value of change of permeability (ck) parameter 

is needed. The permeability will change according to the following formula. 

log =  ∆                                                (4.1) 

Where, ∆ 푒 is the change in void ratio, k is the permeability in the calculation and k0 is 

the input value of the permeability data set. A changing permeability should be used in 

combination with the Hardening Soil model, Soft Soil model or the Soft Soil Creep 

model. In that case, the ck value is generally in order of the compression index Cc. For 

Mohr-Coulomb model, the ck value should be set to default value of 1015. For this study, 

Mohr-Coulomb model was used and the value of ck was assumed to be 1015.  

Soil Young's modulus (E), commonly referred to as soil elastic modulus, is an elastic 

soil parameter and a measure of soil stiffness. It is defined as the ratio of the stress along 

an axis over the strain along that axis in the range of elastic soil behaviour. The elastic 

modulus is often used for estimation of soil settlement and elastic deformation analysis. 

Soil elastic modulus can be estimated from laboratory or in-situ tests or based on 

correlation with other soil properties. In laboratory, it can be determined from triaxial 

test or indirectly from odometer test. On field, it can be estimated from Standard 

penetration test, Cone penetration test, pressure meter or indirectly from dilatometer 

test. In this study, modulus of elasticity of respective soil was determined from literature 

(Bowles, 1996). 

In case of Mohr-Coulomb model, the interface strength is defined by the parameter 

Rinter. The root–soil interface was modelled with 3-noded line elements with the 

evaluation of axial forces in the corresponding Newton–Cotes stress points. An elastic–
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plastic model was used to describe the behaviour of the interface, based on the Mohr–

Coulomb equation. Strength properties of the interface, i.e. cohesion, friction and 

dilation angles, were linked to the strength properties of the surrounding soil using a 

reduction factor Rinter. In this analysis, this reduction factor was equal to 1.0, i.e. the 

interface behaved like the surrounding soil.  

4.2.6 Calculation type 

In PLAXIS, there are four types of calculations which can be performed in order to 

asses a model. They are plastic analysis, consolidation analysis, phi-c reduction and 

dynamic analysis. In this study, phi-c reduction have been performed followed by 

plastic analysis. The study of slope is based on the calculation of a factor of safety and 

the expectation of the sliding surface. A safety analysis in PLAXIS can be executed by 

reducing the strength parameters of soil. This process is called Phi-c reduction. In this 

approach, the strength parameters tanϕ and c of the soil are successively reduced until 

the collapse of the slope occurs.  

The total multiplier ΣMsf is defined as the ratio of the strength parameters entered as 

input values over the reduced ones.  

                                           ΣMsf = =                (4.2) 

The strength parameters of soil are thereby reduced automatically step by step with an 

increment Msf equal to 0.1 until failure. The factor of safety (FS) is given by the ratio 

of the available strength over the strength at failure. It is equal to the value of ΣMsf at 

failure. ΣMsf is set to 1.0 at the start of a calculation to set all material strength to their 

input values. A safety calculation is performed using the Load advancement number of 

steps procedure. The incremental multiplier Msf is used to specify the increment of the 

strength reduction of the first calculation step. The increment is by default set to 0.1, 

which is generally found to be a good starting value. The final step is resulted in a fully 

developed failure mechanism. If that is the case, the factor of safety is given by: 

                       퐹푆 =   
  

= value of ΣMsf at failure                       (4.3) 
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The factor of safety obtained from the analysis depends on the deformation. After a 

certain amount of deformation, the slope was considered as failed. In this study, the 

deformation was assumed as 1m.  

4.3 Root reinforced model 

There are many methods to model the root behavior in soil matrix. Mostly two types of 

method are available, one is to model the root system as a beam/truss element and the 

other one is to model the rooted soil behavior as added cohesion. In this study, the later 

method is used. To model the root behavior, some parameters needs to be known which 

are discussed here.  

4.3.1 Root density 

An average root density (RD) is determined according to the volume V (m3) of the core 

and expressed as kg/m3. 

                                                                 푅퐷 =                                                     (4.4) 

Where, M (kg) is mean dry living root mass and V (m3) is the volume of the soil cylinder 

containing the root-soil matrix.  

4.3.2 Root tension 

Tensile strength (Tr) at rupture is calculated as the maximal force (T) required to cause 

failure in the root, divided by the root cross-sectional area (CSA) at the point of 

breakage. Root tensile strength (Tr) can be expressed as kPa. 

                                                                  푇 =                                                       (4.5) 

Where, T (kN) is the maximum force required to cause failure and CSA is the root cross 

section area.  

4.3.3 Root cohesion 

The presence of plant roots in the soil matrix results in an increase in soil cohesion cs 

through a reinforcing effect which usually augments superficial slope stability (Van 

Beek, et al., 2005; Genet, et al., 2008). The root–soil reinforcement model developed 

by Wu (1976), and elaborated upon by (Waldron, 1977), is widely used to estimate the 

additional cohesion cr taking into account the presence of roots in the soil (Bischetti, et 
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al., 2005; Genet, et al., 2005). This model states that the shear strength of soil reinforced 

by roots τsr is calculated by the Mohr Coulomb equation as follows: 

휏 =  푐 + 푐 + σ tan휙             (4.6) 

Where, cs is soil cohesion, cr is additional cohesion due to the presence of roots, σ is 

the normal stress on the shear plane and ϕ is the soil apparent friction angle. Shear 

forces developed in the soil when the soil layer moves are translated into tensile forces 

in the roots. The mobilization of this tensile force in the roots can then be split into 

tangential and normal components. Assuming that roots are elastic, initially oriented 

perpendicularly to the slip plane, fully mobilized in tension and that ϕ is unaffected by 

root reinforcement (Greenway, 1987; Waldron, 1977), cr can be defined as: 

푐 =  푡  (sin 훿 + cos 훿 tan휙)                       (4.7) 

Where, δ is the angle of deformed roots with regard to the shear surface and tr is the 

average mobilized tensile strength of roots per unit area of soil. tr can be expressed as 

the product of two parameters: the average tensile strength of the root (Tr) and the root 

are ratio (RAR) which is the fraction of soil occupied by the root.  

                                                          tr = Tr x RAR                                                   (4.8)

                                              푅퐴푅 =                                                          (4.9) 

Where, Ar is the cross section of root and A is the area of the soil occupied by the root. 

The value of  (sin 훿 + cos 훿 tan휙) can be aprroximated to 1.2 (Waldron, 1977; Wu et 

al., 1979). Thus the equation (4.5) can be rewritten as 

                                                         푐 = 1.2 푇  ( )                (4.10) 

The value of RAR and Tr depends on many factors like vegetation type, climate, soil 

type, season etc. (Operstein and Frydman, 2000; Genet et al., 2005). 

There are other way to determine the root cohesion. Strain is a key factor from which 

root cohesion can be determined. To make the soil and root mechanical behaviour 

compatible, the displacement at which the soil reaches its peak strength can be linked 

to the corresponding root elongation (Shewbridge and Sitar, 1985; Abe and Ziemer, 

1991) as: 

                                                  휀 = (1 + 퐵 푏 푒 ) / − 1           (4.11) 
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where  휀 = root strain [mm/mm]; x = shear displacement [mm]; B = half of the shear 

displacement [mm]; b = coefficient depending on root diameter D [mm] and RAR (Abe 

and Ziemer, 1991) expressed as: 

                                        푏 = 0.2262 − 0.0715 푅퐴푅 − 0.0016 퐷           (4.12) 

With known stain and elastic modulus of the roots, the tensile strength can be calculated 

from Hooke’s law for known RAR at the shear surface which will ultimately help to 

calculate the synchronized additional cohesion due to roots 

                                           푡 = 휀 × 퐸 × 푅퐴푅 =  휎 × 푅퐴푅                                       (4.13) 

Where, σ is the mobilized root tensile strength corresponding to ε. 

From the above literature, added root cohesion can be determined for different root 

diameter. Table 4.2 presents the added apparent cohesion for different age of vetiver of 

this study. The empirical formulas used in Table 4.1 are obtained from Voottipruex et 

al. (2008). 

Table 4.1: Added apparent cohesion for vetiver root  

Time 
(Day) 

Diameter, 
D (mm) 

Tensile strength of 
root, 푇 = 16.95 ×
퐷 .  (Mpa) 

Root Area Ratio, 
푅퐴푅 =

0.00055푇 +
0.00993푇 

(%) 

Added apparent 
cohesion,  

푐 = 1.2 푇 ×
푅퐴푅 (kPa) 

30 1.1 16.0 0.010 1.92 

60 1.2 15.2 0.022 4.01 

90 1.3 14.5 0.035 6.1 

120 1.4 13.9 0.049 8.2 

180 1.5 13.3 0.079 12.6 

 
The numerical models were tested for four different types of soil (Soil-A, B, C &D), 

four different slope angles (18.40, 26.60, 450 & 63.40) and six different root zone depth 

(0m, 0.5m, 0.75m, 1.0m, 1.25m & 1.5m). The variable parameters are listed in Table 

4.2. The rooted behavior incorporated in the slope surface by increasing depth 

horizontally. The properties of the soil in the rooted surface were changed according to 

the added apparent cohesion obtained from Table 4.1. Since, vetiver can increase 

cohesion up to a limited depth (determined by root length), the added apparent cohesion 
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was incorporated into the root depth zone only. Different combinations of numerical 

analysis are presented in Figure 4.2. The details of the root reinforced model is 

illustrated in Figure 4.3.  

Table 4.2: List of variable parameters for numerical analysis 

Variable 
parameter Ranges Variable 

parameter Ranges Variable 
parameter Ranges 

Soil Type 

Soil-A 

Slope Angle., 
β 

18.4 

Depth of root 
zone 

0 m 

Soil-B 26.6 0.5 m 

Soil-C 45 
.75 m 
1.0 m 

Soil-D 63.4 
1.25 m 

1.5 m 
 

 
Figure 4.2: Outline program of different combinations of numerical analysis 
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Figure 4.3: Modeling of root reinforcement with different root zone depth in PLAXIS 

2D 

4.4 Nailed slope model 

For the assessment the effectiveness of soil nailing for hill slopes, nailed slopes were 

analyzed in PLAXIS 2D. For the purpose of this study Mohr-Coulomb soil model was 

used. Soil nail with diameter of 35 mm and spacing of 2.5-3.0m along the slope was 

used in this model. Length of soil nail used in the model varies from 18m to 22m. To 

simulate soil nail node-to-node anchor was used. Finite element model requires 

information on the axial rigidity (EA) of nail and axial rigidity of nail was taken as 

2x105 KN. And spacing of the nail perpendicular to plane was considered 2.5 m 

although it has no effect on calculating factor of safety as we are considering 2D slope. 

Geogrid is used with node-to-node anchor to simulate the grout body.  

4.5 Development of LEM model 

Analytical verification methods provide effective and rapid structure design and 

verification. Limit equilibrium method is a traditional method by which safety analysis 

of slopes can be determined. There are many methods for limit equilibrium analysis 

like ordinary method of slices, Bishop’s method, Fellenius method etc. In the present 

study, the slopes analyzed in FEM were also modelled in LEM. For LEM model, a 
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powerful software suite named GEO5 software (version-2016) was used. The soil 

property used in this method is identical to the soil used in FEM analysis. Among many 

types of failure, two types were selected: circular failure and polygonal failure. The 

circular failure was determined using Bishop method and Fellenius/Petterson method 

and polygonal failure was determined using Janbu method. Rooted soil layers were 

modelled in GEO5 as shown in Figure 4.3.  

4.6 Summary 

In this chapter, details of numerical analysis have been discussed. The development of 

FEM and LEM models are described herewith. Parameters needed for numerical 

analysis and their applicability are also discussed in this chapter. Finally, root 

reinforced model is introduced and elaborated within the context of literature. 
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Chapter 5 

RESULTS AND DISCUSSIONS 

 

5.1 General 

This chapter presents the results obtained from the methods described in chapter 3 and 

chapter 4. The properties of collected soil samples are determined from different 

laboratory tests and the test results are presented in this chapter. Besides, the results of 

the numerical analysis are presented in this chapter. In addition, the validations of the 

numerical analysis are described. The results from the reduced scale slope model are 

presented and validated with some existing literatures.   

5.2 Index and Engineering Properties of Collected Samples 

Physical and engineering properties of collected samples were determined through 

extensive laboratory tests according to ASTM standards. Both disturbed and 

undisturbed samples were used to determine the properties. Grain size distribution 

curves of the soil samples are presented in Figure 5.1. Table 5.1 presents the index 

properties of the samples whereas Table 5.2 presents the engineering properties of 

samples. Based on the index properties, soil samples were classified according to 

unified soil classification system (USCS).  

 
Figure 5.1: Grain size distribution curve for soil sample S-1, S-2, S-3, S-4, S-5 & S-6 
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Table 5.1: Index properties of soil samples 

Sample 
ID 

Natural 
Moisture 

Content (%) 

Specific 
Gravity 

 

In-Situ 
Density 
(kN/m3) 

 

Dry Density 
(kN/m3) 

Atterberg Limits 
% Finer No. 

200 sieve  
(0.075 mm) 

Soil 
Classification  Liquid 

Limit 
Plastic 
Limit 

Plasticity 
Index 

S-1 13.34 2.66 18.54 16.35 28 24 4 21.7 SM 

S-2 13.86 2.69 19.02 16.70 35 25 10 47.4 SC 

S-3 25.60 2.69 18.98 15.11 33 20 13 72.0 CL 

S-4 18.41 2.65 19 16.05 24 18 6 66.5 CL-ML 

S-5 23.82 2.62 19.34 15.62 26 10 16 62.2 CL 

S-6 15.46 2.75 16.8 14.54 24 17 7 42.6 SM-SC 
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Table 5.2: Engineering properties of the soil samples 

Sample ID 

Shear Strength Parameters 
Permeability, k 

(m/s) 
Void ratio, 

e 
Cohesion 

parameter, c 
(kN/m2) 

Friction angle, 
ϕ 

S-1 0 39.66 1.93×10-07 0.595 

S-2 8.6 37.34 5.40×10-08 0.580 

S-3 18.0 0 3.0×10-10 0.746 

S-4 9.4 27.38 3.14×10-08 0.620 

S-5 1.8 32.74 2.36×10-08 0.646 

S-6 1.8 30.2 5.25×10-08 0.854 

 

5.3 Study on Small Scale Slope Model 

Hills slope have been modelled and the performance of that slope has been studied 

under uniform rainfall. Erosion potential of model slope has been determined for both 

bare and rooted conditions which are discussed in the following sections. 

5.3.1 Study of growth rate of vetiver on hill soil 

In order to study the growth rate of vetiver in hill slopes, vetiver grass have been planted 

on a model and nurtured in a regular basis.  After completion of erosion test, shoot 

length, root length, clump diameter etc. have been measured. Vetiver grasses are pulled 

out from the slopes to observe the physical condition after growth of 90 days. The 

measurements of root length, shoot length and clump diameter are showed in Figure 

5.2. The observed results are presented in Table 5.3. Obtained value from this model 

has been compared to other values determined by other researchers in Figure 5.3. 

Although the same species of vetiver is used for every study, the soil type, slope 

condition, weather etc. were different. Hence, some differences have been observed 

within this study. 
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(a) 

 
(b) 

(c) 
 

(d) 

 
(e) 

 
(f) 

Figure 5.2: Parametric study of growth of vetiver in hill soils; (a) A full vetiver grass 
with large shoot and root; (b) Measurement of shoot length; (c) 
Measurement of root length; (d) vetiver root system and clump in soil 
model; (e) Root distribution of vetiver; (f) Measurement of clump 
diameter 
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Table 5.3: Performance study on growth of vetiver in hill soil 

Position of vetiver 
sample 

Maximum Root 
Length (cm) 

Shoot 
(cm)  

Clump 
diameter 

(cm) 

Maximum 
Root Dia 

(mm) 

Top 

Top left 22 90 7 1.3 

Top center 25 96 8 1.2 

Top right 26 88 9 1.2 

Mid 

Mid left 42 89 11 1.2 

Mid center 43 83 16 1.3 

Mid right 46 93 14 1.3 

Bottom 

Bottom left 43 78 15 1.3 

Bottom center 34 60 10 1.2 

Bottom right 39 65 12 1.1 

Average Value 35.6 82.4 11.3 1.23 

 

 
Figure 5.3: Comparison of vetiver’s shoot and root length among different study 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 5.4: Rain cut erosion for bare soil; (a) & (b): top and side view of bare slope 
before rainfall; (c) & (d) top and side view of bare slope after 15; min 
rainfall; (e) & (f) top and side view of bare slope after 30 min rainfall 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 5.5: Rain cut erosion for rooted soil; (a) & (b): top and side view of rooted 
slope before rainfall; (c) & (d) top and side view of bare slope after 15 
min rainfall; (e) & (f) top and side view of bare slope after 30 min rainfall 
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5.3.2 Efficacy of vetiver grass in top soil erosion control 

To determine the efficiency of vetiver under rainfall, vegetated and bare slope have 

been tested under a rainfall of 188 mm/hr with the perforated rainfall simulator. Figure 

5.4 shows the condition of bare slope during the test whereas Figure 5.5 shows the 

rooted soil under different rainfall duration. A comparative result of soil erosion with 

root and without root is presented in Figure 5.8. It can be concluded from the graph that 

cumulative erosion of bare soil is significantly high compared to that of vegetated 

covered soil. For bare soil, the erosion is nearly ten times higher than the rooted soil. 

In order to get a clear view of root architecture on vetiver system, half of the soil 

excavated from the model after erosion test and the other half remaining same. Thus, a 

cross-section of the model has been found and illustrated in Figure 5.6. It can be seen 

from the figure that, the root system has certainly reached at the bottom of the model 

which is 50 cm from the ground surface. The root architecture is also complex in nature 

and there is no certain pattern of the root system. Since vetiver root system absorbs and 

retains moisture, the water content at the bottom of the model is found higher than the 

water content at the top of the model. Although, the pullout capacity of the root system 

has not been measured scientifically, it is found much higher comparing to the other 

plant’s root system. In addition, the self-weight of the vetiver plant is found very much 

lighter than the other type of plants. Hence, it gives an advantage in increasing the factor 

of safety of slopes since self-weight of trees/plants gives additional moment which 

plays a role in slope failure. 

It is also observed that, the slope of the rooted soil is decreasing with time which means 

that the root system is acting effectively after some initial erosion. On the other hand, 

the erosion rate for bare soil is increasing exponentially which is very much alarming 

for practical reason. 
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Figure 5.6: Cross section view of the model study  

 
Figure 5.7: Volume of infiltration vs time taken for 0.01m3 surface runoff 
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Figure 5.8: Cumulative dry weight of eroded soil vs cumulative time taken for every 

0.01m3 surface water runoff 

From Figure 5.7, it is observed that the volume of infiltrated water decreases with time 

having the same amount of surface water runoff. It causes due to the decrease in water 

retention within the soil with time under rainfall (Meeuwig, 1970). Moreover, 

confinement of the soil area with trapezoidal glass module may contribute to the 

increase in retained water; not allowing the water to spread in a large area, water 

accumulates in a constant area of the glass module; thus, decreasing the proportion of 

the infiltrated water resulting in greater surface runoff water volume. However, 

according to some existing literatures if the experiment was conducted in an unconfined 

soil area, the rate of infiltration would have been increased with time because the soil-

root matrix creates a greater confinement of soil due to increased cohesion between soil 

and roots of vegetation and enables water more pore spaces in the soil to infiltrate 

downward under the action of gravity resulting in less surface water runoff (McGinty, 

et al., 1979; Meeuwig, 1970) . But in this experiment, due to the confinement of soil 

area, it results in a more surface water runoff than infiltrated water with respect to 

volume within a certain period of time. Though the results are different for unconfined 

and confined soil area with respect to infiltrated volume of water due to artificial 

rainfall, confined soil area provides a conservative result; as surface water runoff is 

mainly responsible for the soil surface erosion (Loch, 2000; Clarke and Walsh, 2007).  
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From the Figure 5.8, the cumulative dry weight of eroded soil (under rooted condition) 

initially (2 minutes~10 minutes rainfall) increases with the increase in time, but the 

increasing rate decreases in the later part (10 minutes~30 minutes) of rainfall, observed 

from the decreasing slope of the graph with time compared to the initial part. The 

cumulative dry weight of eroded soil (for bare soil) exhibits an exponential increase 

with time which signifies that Vetiver is quite effective in preventing soil erosion 

compared to bare soil condition. 

 
Figure 5.9: Comparison of cumulative sediment yield due to rainfall for this study and 

experiment conducted by Xu et al. (2016) for bare and vegetated slope 

The study of erosion potential of vegetated slope can be compared with other studies. 

Xu et al. (2016) simulated rainfall experiment which was designed to investigate how 

a cornstalk buffer strip affected soil erosion. The data obtained from Xu et al. (2016) 

have been compared with this study and presented in Figure 5.9. Although the present 

study conducted a rainfall simulation only for 30 minutes, the trend of the result can be 

compared with Xu. et al. (2016). It is observed from the performance of the two study 

for erosion control by vegetated slope for both case (vetiver and cornstalk buffer strip) 

performs quite similar. Though Xu et al. (2016) conducted their study for four different 

cases of cornstalk buffer strip among which one is for control run (bare soil condition 

without vegetation); comparison was done with only continuous cornstalk buffer strip 

condition as it was done in maximum vegetative soil condition resulting in minimum 

sediment yield among all the four conditions. The slope of cumulative sediment yield 

decreases gradually with rainfall for both the study which indicates that after some 
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rainfall the slope erosion decrease which will eventually tends to zero. Moreover, trend 

of the cumulative sediment yield of this study approaches towards the data of Xu. et al. 

(2016).  However, there is a difference for bare soil in which the result from the present 

study gives higher cumulative sediment yield.  

5.4 Numerical Study of Stability Analysis of Hill Slopes 

Finite element analysis has been performed to investigate the failure mechanism of 

slopes. For this purpose, different slope angle with different type of soil are considered. 

Four types of soil (Soil-A, Soil-B, Soil-C, and Soil-D) are considered for analysis 

purpose. The properties of Soil-A, B, C and D are assumed based on laboratory test 

results of S-1, S-2, S-3 and S-6 for corresponding soil types. Those properties which 

are not tested in the laboratory are chosen depending on the existing literature discussed 

in article 2.8.5.1 and 3.4.5.3. The parameters of rooted soil used in this numerical study 

are presented in Table 5.4. The properties of Soil-A, B, C and D are presented in Table 

5.5. Typical FEM mesh, deformed mesh, total displacement diagram and failure surface 

for both bare soil model and rooted soil model is showed in Figure 5.10. During the 

analysis, global coarseness of the mesh has been selected as ‘coarse’.  

Table 5.4: Rooted soil parameters 

Depth of root zone, hr (m) Added apparent cohesion, cr 

0.5 2.0 

0.75 4.0 

1.0 6.0 

1.25 8.0 

1.5 12.0 
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Table 5.5: Soil properties used in FEM analysis 

     Soil Type 
Parameter Unit Soil-A Soil-B Soil-C Soil-D 

G
en

er
al

 

Material Model - 
Mohr-

Coulomb 
Model 

Mohr-
Coulomb 

Model 

Mohr-
Coulomb 

Model 

Mohr-
Coulomb 

Model 

Type of material 
behaviour - Undrained  Undrained Undrained Undrained 

Soil unit weight 
above phreatic 
level (γunsat) 

kN/m3 16.4 16.7 15.1 14.5 

Soil unit weight 
below phreatic 

level (γsat) 
kN/m3 18.5 19.0 19.0 16.8 

Initial void ratio 
(eint) - 0.60 0.58 0.75 0.85 

Pa
ra

m
et

er
s 

Young’s modulus 
(E) kN/m2 3.0×104 2.0×104 1.0×104 2.5×104 

Poisson’s ratio - 0.2 0.2 0.2 0.2 

Cohesion (c) kN/m2 0.1 9 18 2 

Effective angle of 
internal friction 

(ϕꞌ) 
° 40 37 0.1 30 

Dilatancy Angle 
(y) ° 0 0 0 0 

Pe
rm

ea
bi

lit
y 

Horizontal 
Permeability (kx) m/day 16.7×10-03 4.6×10-03 2.6×10-05 4.5×10-03 

Vertical 
Permeability (ky) m/day 16.7×10-03 4.6×10-03 2.6×10-05 4.5×10-03 

Change of 
permeability (ck) m/day 1015 1015 1015 1015 

In
te

rf
ac

es
 Interface strength - Rigid Rigid Rigid Rigid 

Strength reduction 
factor 

 
- 1.0 1.0 1.0 1.0 
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 

 
(f) 
 

 
(g) 

 

 
(h) 

 

Figure 5.10: FEM analysis of slope stability with slope angle (β=26.60); (a)-(b):  Typical 
finite element mesh for bare soil and rooted soil (hr=1.5m); (c)-(d): Deformed 
mesh for bare soil and rooted soil (hr=1.5m); (e)-(f): Total displacement of the 
slope showed by arrow for bare slope and rooted slope; (g)-(h): Total 
displacement and failure surface showed by shadings for bare slope and rooted 
slope (hr=1.5m) 
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Table 5.6: Factor of safety for bare soil and rooted soil (Soil-A) 

Slope 
Slope 
Angle, 

β 

Factor of Safety (FS) 

Bare 
soil 

Root reinforced 
hr=0.5m; 

cr=2.0 
kPa 

hr=0.75m; 
cr=4.0 

kPa 

hr=1.0m; 
cr=6.0 

kPa 

hr=1.25m; 
cr=8.0 

kPa 

hr=1.5m; 
cr=12.0 

kPa 
1V:3H 18.4 1.454 1.456 1.475 1.482 1.515 1.533 
1V:2H 26.6 1.011 1.045 1.053 1.084 1.101 1.117 
1V:1H 45.0 0.724 0.765 0.783 0.801 0.827 0.836 
2V:1H 63.4 0.697 0.704 0.723 0.742 0.762 0.783 

Table 5.7: Factor of safety for bare soil and rooted soil (Soil-B) 

Slope 
Slope 
Angle, 

β 

Factor of Safety (FS) 

Bare 

Root reinforced 
hr=0.5m; 

cr=2.0 
kPa 

hr=0.75m; 
cr=4.0 kPa 

hr=1.0m; 
cr=6.0 

kPa 

hr=1.25m; 
cr=8.0 kPa 

hr=1.5m; 
cr=12.0 

kPa 
1V:3H 18.4 1.788 1.781 1.791 1.794 1.814 1.817 
1V:2H 26.6 1.391 1.393 1.394 1.387 1.393 1.384 
1V:1H 45.0 1.056 1.078 1.056 1.065 1.068 1.086 
2V:1H 63.4 0.924 0.929 0.933 0.942 0.952 0.963 

Table 5.8: Factor of safety for bare soil and rooted soil (Soil-C) 

Slope 
Slope 
Angle, 

β 

Factor of Safety (FS) 

Bare 

Root reinforced 
hr=0.5m; 

cr=2.0 
kPa 

hr=0.75m; 
cr=4.0 

kPa 

hr=1.0m; 
cr=6.0 

kPa 

hr=1.25m; 
cr=8.0 kPa 

hr=1.5m; 
cr=12.0 

kPa 
1V:3H 18.4 0.469 0.469 0.469 0.469 0.469 0.469 
1V:2H 26.6 0.451 0.451 0.451 0.451 0.451 0.451 
1V:1H 45 0.435 0.435 0.435 0.435 0.435 0.431 
2V:1H 63.4 0.41 0.406 0.408 0.412 0.413 0.414 

Table 5.9: Factor of safety for bare soil and rooted soil (Soil-D) 

Slope 
Slope 
Angle, 

β 

Factor of Safety (FS) 

Bare 

Root reinforced 
hr=0.5m; 

cr=2.0 
kPa 

hr=0.75m; 
cr=4.0 kPa 

hr=1.0m; 
cr=6.0 

kPa 

hr=1.25m; 
cr=8.0 kPa 

hr=1.5m; 
cr=12.0 

kPa 
1V:3H 18.4 1.334 1.352 1.346 1.351 1.347 1.354 
1V:2H 26.6 1.025 1.024 1.032 1.043 1.044 1.057 
1V:1H 45 0.769 0.775 0.775 0.803 0.815 0.833 
2V:1H 63.4 0.701 0.408 0.693 0.708 0.726 0.742 
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Soil-A (c=0.1 kPa, ϕꞌ=400) Soil-B (c=9.0 kPa, ϕꞌ=370) 

 
(a) 

 
(e) 

 
(b) 

 
(f) 

 
(c) 

 
(g) 

 
(d) 

 
(h) 

Figure 5.11: (a) – (d): Total displacement curve of soil-A for bare slope 2V:1H, 1V:1H, 
1V:2H, 1V:3H; (e) – (h): Total displacement curve of soil-B for bare slope 
2V:1H, 1V:1H, 1V:2H, 1V:3H 
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Soil-C (c=18 kPa, ϕꞌ=00) Soil-D (c=2.0 kPa, ϕꞌ=300) 

 
(a) 

 
(e) 

 
(b) 

 
(f) 

 
(c) 

 
(g) 

 
(d) 

 
(h) 

Figure 5.12: (a) – (d) Total displacement curve of soil-C for bare slope 2V:1H, 1V:1H, 
1V:2H, 1V:3H; (e) – (h) Total displacement curve of soil-D for bare slope 
2V:1H, 1V:1H, 1V:2H, 1V:3H 
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Figure 5.13: Variation of FS with slope angle for soil- A, B, C & D 

5.4.1 Effect of slope angle on stability of slopes 

FEM models for different slope angle has been analysed to determine the factor of 

safety (FS) of slopes. The obtained value of factor of safety for all soil types are 

presented from Table 5.6 to Table 5.9. The total displacement curve for soil-A and soil-

B are shown in Figure 5.11 and the total displacement curve for soil-C and soil-D are 

shown in Figure 5.12. It is observed that FS increases with the decrease of slope angle 

for all soil types. From Figure 5.13, it can be noted that for soil-C, change of FS with 

slope angle is very negligible. It is clear that for Soil-A&D, the surficial and local slope 

failure governs. On the other hand, for Soil-C, slip surface develops by deep seated 

failure. Since soil C is low plastic clay (CL), the deep-seated failure occurs when soil 

is highly cohesive. Because of deep seated failure, the effect of slope angle is very low 

for different slope angle. For sandy type soil, local and surficial failure governs and 

hence slope angle has a greater effect on FS. 

5.4.2 Effect of root zone depth for slope stability  

From the FEM analysis, it is observed that factor of safety (FS) increases with the 

decrease of slope angle for all type of soil. For Soil-A, FS increases with the increase 

of root zone depth. Variation of FS with different root zone depth for different soil 

condition and slope angle are shown in Figure 5.14 to 5.17.  

For soil-A, FS increases with the increase of root zone depth for all slope angles.  FS 
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hand, for soil-C, change of FS is almost zero for different rooted soil (Figure-5.18). In 

the previous article, it has been discussed that, for clay type soil, slope failure occurs 

by base failure, not by shallow slope failure. Vegetation is effective for shallow slope 

failure. Rooted soil mechanism has no effect on deep seated base slope failure. Hence, 

rooted soil mechanics does not necessarily increase FS for soil-C.  

For soil-B and D, FS increases slightly with rooted soil. For soil-B, FS increases about 

2-4% compared to bare slope while for soil-D FS increases 3-8% compared to bare 

slope (Figure 5.10).  This analysis has been done assuming that vegetation covers only 

at the slope surface.  There is no vegetation on the upper and lower slope region. Since, 

failure pattern for soil-C is deep seated base failure, it is possible that FS would increase 

if there is vegetation on both upper and lower slope regions.   

 
Figure 5.14: Variation of FS with different root zone depth for different slope angle  

(Soil-A) 

 
Figure 5.15: Variation of FS with different root zone depth for different slope angle  

(Soil-B) 
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Figure 5.16: Variation of FS with different root zone depth for different slope angle  

  (Soil-C) 

 
Figure 5.17: Variation of FS with different root zone depth for different slope angle  

  (Soil-D) 

 
Figure 5.18: Percentage increase in FS due to vegetation for different slope angles for 

soil-A, B, C and D 
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5.4.3 Effect of degrees of saturation 

Degrees of saturation of a soil depend on the moisture content. For any kind of rainfall 

event moisture content of a soil generally increases. The increase of moisture content 

in soil depends on the rainfall intensity, soil type, soil cover, infiltration capacity etc. 

However, increase in moisture content increases unsaturated unit weight of soil which 

eventually ends up into saturated condition. In PLAXIS, rainfall can be simulated with 

the variation of unsaturated unit weight. For the better understanding of the effect of 

moisture content, slope stability analyses have been conducted for different degrees of 

saturation. Figure 5.19 indicates that with the increase of degrees of saturation, FS 

decreases for all slope angle which signifies that under rainfall condition, hill slopes 

become more vulnerable. Hence, maximum landslides occur due to excessive rainfall.   

 
Figure 5.19: FS vs degrees of saturation for different slope angle for Soil-C 
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the slopes obtained by GEO5 is presented in Figure 5.20. Comparison of FEM and 

LEM is showed in Figure 5.21. It can be concluded difference between FEM and LEM 

is found higher for higher slope angle, but for lower slope angle, both method gives 

similar results.   

Table 5.10: Factor of safety for different slope angle of soil-A by Bishop Method 
(Circular failure) 

Slope 
Slope 
Angle, 

β 

Factor of Safety by Bishop method 

Bare 
soil 

Root reinforced 

hr=0.5m; 
cr=2.0 kPa 

hr=0.75m; 
cr=4.0 
kPa 

hr=1.0m; 
cr=6.0 
kPa 

hr=1.25m; 
cr=8.0 
kPa 

hr=1.5m; 
cr=12.0 

kPa 
1V:3H 18.4 2.560 2.570 2.590 2.610 2.630 2.650 
1V:2H 26.6 1.710 1.730 1.760 1.780 1.810 1.850 
1V:1H 45.0 0.870 0.910 0.940 0.980 1.020 1.080 
2V:1H 63.4 0.450 0.510 0.560 0.610 0.660 0.740 

 
Table 5.11: Factor of safety for different slope angle of soil-A by Fellenius/Petterson 

method (Circular failure) 

Slope 
Slope 
Angle, 

β 

Factor of Safety (Fellenius/Petterson method) 

Bare 
soil 

Root reinforced 

hr=0.5m; 
cr=2.0 kPa 

hr=0.75m; 
cr=4.0 
kPa 

hr=1.0m; 
cr=6.0 
kPa 

hr=1.25m; 
cr=8.0 
kPa 

hr=1.5m; 
cr=12.0 

kPa 
1V:3H 2.550 2.560 2.570 2.580 2.600 2.600 2.550 
1V:2H 1.700 1.720 1.740 1.750 1.780 1.800 1.700 
1V:1H 0.860 0.890 0.920 0.940 0.970 1.010 0.860 
2V:1H 0.450 0.480 0.520 0.560 0.600 0.660 0.450 

 

Table 5.12: Factor of safety for different slope angle of soil-A by Janbu method 
(Polygonal failure) 

Slope 
Slope 
Angle, 

β 

Factor of Safety (Janbu method) 

Bare 
soil 

Root reinforced 

hr=0.5m; 
cr=2.0 kPa 

hr=0.75m; 
cr=4.0 
kPa 

hr=1.0m; 
cr=6.0 
kPa 

hr=1.25m; 
cr=8.0 
kPa 

hr=1.5m; 
cr=12.0 

kPa 
1V:3H 2.550 2.560 2.570 2.590 2.610 2.620 2.640 
1V:2H 1.700 1.710 1.740 1.780 1.810 1.830 1.900 
1V:1H 0.860 0.910 0.920 0.940 0.950 1.020 1.100 
2V:1H 0.450 0.460 0.510 0.560 0.610 0.670 0.740 
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(a) 

 
(b)  

 
(c)  

 
(d)  

Figure 5.20: Critical Failure Surface for FS calculation by limit equilibrium method 
for soil type-A: (a) Slope 1V:1H, bare condition, Bishop Method circular 
failure (b) Slope 1V:2H, bare condition, Bishop method circular failure; 
(c) Slope 1V:2H, rooted (hr=1.5m), Fellenius/Petterson method circular 
failure; (d) Slope 1V:2H, rooted (hr=1.5m), Janbu method polygonal 
failure 
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Figure 5.21: Comparison of FS between FEM (PLAXIS 2D) and Limit Equilibrium 
(GEO5) for different slope angle and root zone depth (soil type-A) 

 
Figure 5.22: Comparison of % increase of FS due to vegetation between FEM and 

Limit equilibrium for Soil-A 

For the effect of rooted condition, both FEM and LEM gives similar results. Figure 5.22 

gives the percent increase of FS due to vegetation by FEM and LEM analysis. For both 

analysis, it is observed that rooted soil behaviour increases the FS for all slope angle. 

However, for larger slope angle, the effect of vegetation is higher.  
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5.5.2 Comparative study with other numerical results 

A number of numerical models have been developed and analysed to determine the 

factor of safety for different condition. In order to validate the results, literature have 

been studied for similar works. Chok et al. (2015) studied the effect of root 

reinforcement on slope stability using finite element methods. In that study, FEM model 

analysis were conducted using a freely finite element code called ꞌꞌslope64ꞌꞌ described 

by Griffiths and Lane. Some design charts were suggested by Chok, et al. (2015) from 

which FS for different slope angle has been obtained. Soil parameters from this study 

are used as input parameters for determining FS from Chok et al. (2015). For different 

slope angle and soil parameters, only one situation has been studied i.e. rooted soil with 

root depth zone 1.0 m. This study has been compared to Chok et al. (2015) and the 

results is shown in Figure 5.23. From the results, it is clear that FS obtained from Chok 

et al. (2015) are slightly higher than FS obtained from this study. Chok et al. (2015) 

applied the added cohesion from root matrix on slope surface, upper and lower slope 

region. But in this study, it is assumed that the vegetation covers only on the slope area, 

not on the upper or lower slope region. That’s why study by Chok et al. (2015) gives 

higher FS for all type of soil.  

 
Figure 5.23: Comparison of FS between this study and Chok et al. (2015) for root depth 

zone 1.0m with different type of soil 
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The obtained results from GEO5 are also compared to Chok et al. (2015) and the 

comparison is shown in Figure 5.24. FS obtained from Chok et al. (2015) are almost 

similar for soil-C, but not for other soil. If the failure pattern of the slope for soil-C is 

analysed, it can be seen that it is very shallow slope failure. Since, for shallow slope 

failure, upper and lower slope region’s vegetation have not any effect in FS, so the FS 

obtained from Chok et al. (2015) for soil-C are quite similar to this study.  

 
Figure 5.24: Comparison of FS between limit equilibrium method (GEO5) and Chok, 

et al. (2015) for soil type A 

Numerical analysis of the influence of vegetation on slope’s stability has been studied 

by Kokutse et al. (2016) using classical shear reduction method with PLAXIS 2D. 

Kokutse et al. (2016) investigated the combined effects of different rectilinear slope 

geometries, soil types and vegetation mechanical parameters on the slope’s factor of 

safety. Although there is a difference in vegetation type used by Kokutse et al. (2016) 

and this study, the soil type is quite similar between the studies.  Figure 5.25 illustrates 

the results obtained from the two study which shows that mean values of FS decreases 

significantly with increasing slope angle for all types of rooted soil. The results from 

this study is quite similar to the results obtained from Kokutse et al. (2016). In Figure 

5.25, three of soil type (A, B and D) has been compared to the similar soil types (sand, 

silty sand and clay) studied by Kokutse et al. (2016). For soil type A, the FEM model 

of this study gives higher FS whereas for other soil types the results of FEM models of 

this study is similar to Kokutse et al. (2016). Furthermore, with the increase of slope 

angle, FS obtained from the two studies are converging each other which validates the 

existing model of this study. 
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Figure 5.25: Comparison between Kokutse et al. (2016) and this study for mean values 

of FS as a function of slope angle for different rooted soil condition and 
different soil type. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.26: Variation of FS with soil nailing and rooted soil for different slope angles 
for Soil C 
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(a) 

 
(b) 

 
(c) 

Figure 5.27: FEM analysis of rooted soil with soil nailing for slope (a) 1V:1H, (b) 
1V:2H, (c) 1V:3H (Soil-C) 
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5.6 Stability Analysis Using Soil Nailing 

The analysis of the soil nailed system was carried out using 2D finite element program 

PLAXIS. From slope stability analysis using FEM model effect of soil nailing and 

vegetation on slope stability was found out for Soil-C. Critical surface for failure of 

nailed slope is showed in Figure 5.27. It is observed that with soil nailing and 

vegetation, FS increases significantly for all angle of slopes. Soil nailing increases FS 

by 182-195% compared to bare soil and makes the slope more stable. Nailing along 

with root of approximate length 1 m also increases FS by 6-13% more than that of 

nailing only. And if length of root reaches about 1.5 m then FS again increases by 1-

4%. For all practical purposes nailing and vegetation was done only along the inclined 

portion of slope. 

5.7 Summary 

Both laboratory and field tests were conducted to determine the soil properties and 

strength of vetiver rooted soil matrix and bared soil. Growth rate of shoots and root 

were measured for hill soils. To determine the soil loss of bared slope and vegetated 

slope erosion tests were conducted on small scale models. Factor of safety of hill slopes 

was determined for vetiver planted slope with different root lengths and contents. 

Finally, performance of combination of soil nailing and rooted soil has been studied 

which found quite satisfactory. 
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Chapter 6 

CONCLUSIONS AND SUGGESTIONS 
 

6.1 General 

In the study a rigorous numerical investigation along with laboratory models for 

landslide prevention are presented. The main objective of this research was to determine 

the most durable solution for landslide protection. Besides, growth of vetiver grass in 

hilly soils was monitored thoroughly. Efficacy of the vetiver planted slope was studied 

using small scale models. Finally, slope stability analyses were conducted based on the 

properties obtained in this study. Results obtained from the study have been 

summarized in this chapter. Some recommendations for future study have also been 

listed. 

6.2 Summary 

The main findings of the study are as follows: 

(i) From the numerical analysis, it has been found that rooted soil in slopes 

increases factor of safety only slightly which cannot be considered for overall 

safety of the hill slope. Hence, application of vegetation solely could not 

control landslide. 

(ii) In all the numerical models, it has been found that with the decrease of slope 

angle, FS increases significantly. So, modification of hill slopes i.e. reduction 

of slope angle can be a measure for slope protection. But for practical 

reasoning, this is not an engineered solution. 

(iii) One of the important parameters for slope failure is soil erosion. In hill slopes, 

soil erodes mainly from rain cut erosion. To quantify the effect of soil erosion 

under rainfall, a reduced scale model has been tested for both vegetated and 

bare slope. Although, vegetated slope has little contribution to the increase of 

FS of slope, it performs greatly in reducing soil erosion. Hence, vegetated 

slope contributes indirectly for the enhancement of stability of slopes.  

(iv) Soil nailing may be one of the best alternatives for stability of slopes. The 

performance of nailed slope with vegetation is found satisfactory for all type 

of soil and slope condition.  
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6.3 Conclusions 

From this investigation, it can be said that the vetiver grass plantation is effective to 

protect the hill slopes against top soil erosion and runoff. It may act better in 

combination of sol nailing for overall stability of slopes. It also works against shallow 

depth failure. Plantation of vetiver can be a cost-effective, sustainable and eco-friendly 

method for the erosion control as well as shallow depth slope failure in Bangladesh. 

6.4 Suggestions 

During numerical analyses, there was always an urge to expand the scope of the study 

in order to gather some more information and to achieve better approximations. 

Moreover, opportunities for future researches are numerous. Some of these future 

research prospects are suggested below- 

(i) Root area ratio of the physical model can be studied. 

(ii) In situ direct shear test can be performed to quantify the added shear strength 

of soil due to root. 

(iii) Root tensile strength and pull out strength of roots can be determined. 

(iv) X-Ray Diffraction Analysis (XRD) tests can be performed in rooted soil 

matrix in order to obtain more clear view of rooted soil behavior. 

(v) Field trials and pilot projects may be undertaken to study the performance of 

vetiver grass in protecting embankments, rural roads, river bank and hill slope 

management in different types of soil and climatic condition. 

(vi) Numerical analyses can be conducted for more soil types, slope angles and 

different vegetation covers. Bearing capacity of rooted soil may also be 

determined from numerical analysis. 

(vii) Mathematical models can be derived for better estimation of added shear 

strength of rooted soil.  

(viii) The performance of vetiver grass can be studied for coastal embankments, 

road embankments and river bank protection at different locations of 

Bangladesh. 

(ix) Cost-benefit analyses are needed to compare the benefits of vetiver grass 

plantation over other conventional methods of slope protection. 
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(x) The performance of vetiver grass in different soil and climatic conditions of 

Bangladesh can be studied in the controlled environment. Growth of vetiver 

grass and root in local conditions in different seasons can also be studied. 

(xi) Different species of vetiver grass may be studied so that long rooted vetiver 

grass can be utilized. 

(xii) Other slope stabilization method like anchors, geotextile with reinforcing grid, 

retaining wall with vegetation can also be studied. 

(xiii) Performance of vegetation with Jute Geotextile can be studied. 

(xiv) Warning system relating with rainfall can also be developed so that people 

themselves will be beware of probable landslides just knowing the 

precipitation of that area. 

Thus, it is recommended for future study to work on these areas in future in order to 

capture all the problems encountered in the field during the design and implementation 

of slope stabilization with vegetation. Finally, it is expected that the present study will 

be useful to all those dealing with civil engineering projects and research works on 

anchored retaining wall. This research will also be useful to those who are involved in 

the development of standards on the determination of factor of safety of rooted slopes. 
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Atterberg Limit Test Results (S-1) 

Table A-1: Liquid Limit Test (S-1) 

Trial no. 1 2 3 4 5 
No. of blows 15 20 26 31 37 

Wt. of container (gm) 7 8 9.3 7.2 8.6 
Wt. of container + wet soil 

(gm) 35 25.2 30.5 26.4 30 

Wt. of container + dry soil 
(gm) 28.2 21.2 25.8 22.6 26 

Wt. of water, Ww (gm) 6.8 4 4.7 3.8 4 

Wt. of dry soil, Ws (gm) 21.2 13.2 16.5 15.4 17.4 
Water content, w in % 32.1 30.3 28.5 24.7 23.0 

 

 
Figure A-1: Flow curve for determination of liquid limit of S-1 

Table A-2: Plastic Limit Test (S-1)  
    

Trial no. 1 2 3      
Wt. of container (gm) 7.1 10.6 7.7   Liquid Limit (%): 28 

Wt. container + wet soil 
(gm) 27.0 30.0 29.0  

 Plastic Limit (%): 24 
Wt. container + dry soil 

(gm) 23.1 26.3 24.7  
 Plasticity Index (%): 4 

Wt. of water (gm) 3.9 3.7 4.3      
Wt. of dry soil in (gm) 16.0 15.7 17.0      
Water content, w in % 24.4 23.6 25.3      
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Atterberg Limit Test Results (S-2) 

Table A-3: Liquid Limit Test (S-2) 

Trial no. 1 2 3 4 5 
No. of blows 15 20 26 31 37 

Wt. of container (gm) 7 8 9.3 7.2 8.6 
Wt. of container + wet soil 

(gm) 39 26.5 33 27 30 

Wt. of container + dry soil (gm) 28.2 21.2 27 22.6 26 
Wt. of water, Ww (gm) 10.8 5.3 6 4.4 4 

Wt. of dry soil, Ws (gm) 21.2 13.2 17.7 15.4 17.4 
Water content, w in % 50.9 40.2 33.9 28.6 23.0 

 

 
Figure A-2: Flow curve for determination of liquid limit of S-2 

Table A-4: Plastic Limit Test (S-2) 
   

Trial no. 1 2 3     
Wt. of container (gm) 7.1 10.6 7.7  Liquid Limit (%): 35 

Wt. container + wet soil 
(gm) 27.1 30.2 29.0 

 Plastic Limit (%): 25 
Wt. container + dry soil 

(gm) 23.1 26.3 24.7 
 Plasticity Index (%): 10 

Wt. of water (gm) 4.0 3.9 4.3     
Wt. of dry soil in (gm) 16.0 15.7 17.0     
Water content, w in % 25.0 24.8 25.3     
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Atterberg Limit Test Results (S-3) 

Table A-5: Liquid Limit Test (S-3) 

Trial no. 1 2 3 4 5 
No. of blows 15 20 25 31 35 

Wt. of container (gm) 10.20 11.10 10.80 12.00 11.40 
Wt. of container + wet soil (gm) 39.10 41.40 39.60 33.10 33.50 
Wt. of container + dry soil (gm) 31.30 33.40 32.50 28.20 28.10 

Wt. of water, Ww (gm) 7.8 8 7.1 4.9 5.4 

Wt. of dry soil, Ws (gm) 21.1 22.3 21.7 16.2 16.7 

Water content, w in % 37.0 35.9 32.7 30.2 32.3 
 

 

Figure A-3: Flow curve for determination of liquid limit of S-3 

Table A-6: Plastic Limit Test (S-3) 
    

Trial no. 1 2 3     
Wt. of container (gm) 7.0 9.8 9.7  Liquid Limit (%): 33 

Wt. container + wet soil (gm) 31.4 34.6 33.3  Plastic Limit (%): 20 
Wt. container + dry soil (gm) 27.2 30.4 29.7  Plasticity Index (%): 13 

Wt. of water (gm) 4.2 4.2 3.6     
Wt. of dry soil in (gm) 20.2 20.6 20.0     
Water content, w in % 20.8 20.4 18.0     
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Atterberg Limit Test Results (S-4) 

Table A-7: Liquid Limit Test (S-4) 

Trial no. 1 2 3 4 5 
No. of blows 14 21 25 30 35 

Wt. of container (gm) 7.4 7 7 6.8 6.8 
Wt. of container + wet soil 

(gm) 35.3 26.9 33.9 29.4 28.4 

Wt. of container + dry soil (gm) 29.6 23 28.7 25 24.3 
Wt. of water, Ww (gm) 5.7 3.9 5.2 4.4 4.1 

Wt. of dry soil, Ws (gm) 22.2 16 21.7 18.2 17.5 
Water content, w in % 25.7 24.4 24.0 24.2 23.4 

 

 

Figure A-4: Flow curve for determination of liquid limit of S-4 

Table A-8: Plastic Limit Test (S-5) 
    

Trial no. 1 2 3     
Wt. of container (gm) 7.2 6.9 7.2  Liquid Limit (%): 24 

Wt. container + wet soil 
(gm) 38.1 35.6 32.2 

 Plastic Limit (%): 18 
Wt. container + dry soil 

(gm) 33.4 31.4 28.3 
 Plasticity Index (%): 6 

Wt. of water (gm) 4.7 4.2 3.9     
Wt. of dry soil in (gm) 26.2 24.5 21.1     
Water content, w in % 17.9 17.1 18.5     
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Atterberg Limit Test Results (S-5) 

Table A-9: Liquid Limit Test (S-5) 

Trial no. 1 2 3 4 5 
No. of blows 16 20 26 31 35 

Wt. of container (gm) 7 8 9.3 7.2 8.6 
Wt. of container + wet soil (gm) 34.1 24.8 30 26.4 30.6 
Wt. of container + dry soil (gm) 28.2 21.2 25.8 22.6 26.3 

Wt. of water, Ww (gm) 5.9 3.6 4.2 3.8 4.3 
Wt. of dry soil, Ws (gm) 21.2 13.2 16.5 15.4 17.7 
Water content, w in % 27.8 27.3 25.5 24.7 24.3 

 

 
Figure A-5: Flow curve for determination of liquid limit of S-5 

Table A-10: Plastic Limit Test (S-5) 
    

Trial no. 1 2 3     
Wt. of container (gm) 7.1 10.6 7.7  Liquid Limit (%): 26 

Wt. container + wet soil 
(gm) 25.7 28.9 27.5 

 Plastic Limit (%): 16 
Wt. container + dry soil 

(gm) 23.1 26.3 24.7 
 Plasticity Index (%): 10 

Wt. of water (gm) 2.6 2.6 2.8     
Wt. of dry soil in (gm) 16.0 15.7 17.0     
Water content, w in % 16.3 16.6 16.5     
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Atterberg Limit Test Results (S-6) 

Table A-11: Liquid Limit Test (S-6) 

Trial no. 1 2 3 4 5 
No. of blows 15 20 26 31 37 

Wt. of container (gm) 7 8 9.3 7.2 8.6 
Wt. of container + wet soil (gm) 34.6 24.8 29.8 26 29 
Wt. of container + dry soil (gm) 28.2 21.2 25.8 22.6 26 

Wt. of water, Ww (gm) 6.4 3.6 4 3.4 3 
Wt. of dry soil, Ws (gm) 21.2 13.2 16.5 15.4 17.4 
Water content, w in % 30.2 27.3 24.2 22.1 17.2 

 

 
Figure A-6: Flow curve for determination of liquid limit of S-6 

Table A-12: Plastic Limit Test (S-6) 
    

Trial no. 1 2 3     
Wt. of container (gm) 7.1 10.6 7.7  Liquid Limit (%): 24 

Wt. container + wet soil 
(gm) 26.0 29.0 27.5 

 Plastic Limit (%): 17 
Wt. container + dry soil 

(gm) 23.1 26.3 24.7 
 Plasticity Index (%): 7 

Wt. of water (gm) 2.9 2.7 2.8     
Wt. of dry soil in (gm) 16.0 15.7 17.0     
Water content, w in % 18.1 17.2 16.5     
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Direct Shear Test Results (S-1) 

 

Figure A-7: Shear stress vs shear displacement curve for S-1 

 

 

Figure A-8: Shear stress vs normal stress curve for S-1 
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Direct Shear Test Results (S-1) 

 

Figure A-9: Shear stress vs shear displacement curve for S-2 

 

 

Figure A-10: Shear stress vs normal stress curve for S-2 
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Direct Shear Test Results (S-4) 

 

Figure A-11: Shear stress vs shear displacement curve for S-4 

 

 

Figure A-12: Shear stress vs normal stress curve for S-4 
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Direct Shear Test Results (S-5) 

 

Figure A-13: Shear stress vs shear displacement curve for S-5 

 

 

Figure A-14: Shear stress vs normal stress curve for S-5 
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Direct Shear Test Results (S-6) 

 

Figure A-15: Shear stress vs shear displacement curve for S-6 

 

 

Figure A-16: Shear stress vs normal stress curve for S-6 

 

 

 

Unconfined Compression Test (S-3) 
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Table A-13: Unconfined compression test data for S-3  

Specimen 

Natural 
Water 

Content, 
wN 

Water 
Content 
of Tested 
Specimen 

Wet 
Unit 

Weight, 
ɣsat 

Degree of 
Saturation 

Sr 

Unconfined 
Compressive 
Strength, qU 

Undrained 
Shear 

Strength, SU 
(Undrained 
Cohesion, 

cU) 

 % % kN/m3 % kN/m2 kN/m2 

1 25.60 28.20 17.92 85.44 23 12 

2 25.60 27.40 17.85 83.43 47 24 

 

 

Figure A-17: Stress-strain curve for two specimen of undisturbed soil sample S-3 

 

 

 

 

Consolidation Test (S-3) 
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Figure A-18: e-log P curve for sample S-3 

 
Figure A-19: Coefficient of consolidation (Cv) vs pressure for sample S-3 
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Figure A-20: Coefficient of permeability vs pressure graph for sample S-3 
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