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Structure of the Thesis

Listen my friend and prosper!
Our man is from mountains, where, a waterfall slithers down the slopes, like a snake
and drops quickly, to make rocks bang together. And it hits the flowered and
swaying limbs, of the long trunked verikai tree, growing among the stones, to make
these limbs barren.
Kuruntokai 1341

1

Kuruntokai is a classical Tamil poetic work and is one of the Sangam literature anthologies (a body of
classical Tamil literature created between the years 300 BCE and 300 CE). Translation by M. Shanmugampillai
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"The self-regulation of climate and chemical composition is a process that
emerges from the rightly coupled evolution of rocks, air and the ocean - in addition to
that of organisms. Such interlocking self-regulation…keeps the Earth a place fit for life"
(Lovelock, 1988). Thus ‘earth is one superorganism’2 which is composed of dynamical
earth surface systems containing not only objects, but also stores of energy and
matter, maintained by processes of growth, decay, flow, and transformation (Thomas,
2001). These movements and processes were in action ever before human kind
evolved on earth’s surface; constant destruction (weathering and erosion) and
rebuilding (rejuvenation) are those that have shaped the earth.
1.1.

Landslides as a geomorphic process

These destructive and creative forces that were once part of the natural
evolutionary system of the earth turned into ‘natural hazards’ when the human system
started interacting with it (Alcantara-Ayala, 2002). One of the most widely occurring
‘natural hazards’ are landslides (Bryant, 2005). A landslide in its strict sense is a
relatively rapid mass wasting process that causes the downslope movement of a mass
of rock, debris or earth triggered by a variety of external stimulus (Hutchinson, 1988).
The trigger can be a rise in pore water pressure driven by the development of perched
water level (or deep ground water level rise) due to intense rainfall, while the stimulus
(stimuli) can be earthquake shaking, rapid fluvial erosion leading to toe cutting, human
activities such as deforestation and excavation of slopes for road cuts and building
sites or even diurnal variations in atmospheric pressure (Schulz et al., 2009) that cause
a rapid increase in shear stress or decrease in shear strength of slope-forming
materials (Dai and Lee, 2002; Hutchinson, 1988). When human population expands
and occupies more and more of the land surface, landslides become more likely to
affect humans (Varnes and IAEG Commission on Landslides and other MassMovements, 1984).
1.1.1.

The geomorphic process turned hazard

Available global records of loss of life and damage to property as a
consequence of landslides show that this once ‘likely’ increase is now more apparent.
According to EM-DAT (www.emdat.be) there occurred 600 landslides amounting to a
reported total of 62781 deaths during the period from 1900 to 2008. The inventories in
such global databases are only an indication of the general trends; EM-DAT reports
only those natural hazards that killed a minimum of 10 humans or have affected the
life of more than 100 individuals or required international assistance or declaration of
state of emergency. The actual number of landslides that may have affected human
2
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life during the above mentioned period would be far more than this number, let alone
those events that occur without being reported or affecting human society.
1.2.

Landslides in India

Landslides are an increasing concern in India (Barnard et al., 2001; NDMA,
2009). Rao (1989) identified four regions in India (Figure 1-1) as prone to landslides,
they being:
1. The Western Himalayas (Uttar Pradesh, Himachal Pradesh and Jammu &
Kashmir)
2. Eastern and North Eastern Himalayas and plateau margins (West Bengal,
Sikkim, and Arunachal Pradesh)
3. Naga-Arakkan Mountain belt (Nagaland, Manipur, Mizoram, Tripura)
4. Plateau margins of the Western Ghats and some parts of Eastern Ghats
(Kerala, Tamil Nadu, Karnataka and Maharashtra)

Figure 1-1: Landslide hazard zones of India (NDMA, 2009)

The Indian Monsoon has a significant bearing on the occurrence and
distribution of landslides in India. Large volumes and high intensity rainfall and the
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consequent pore water pressure development are considered as the principal trigger
of landslides in the Himalayas (Joshi and Kumar, 2006; Vinod Kumar et al., 2008) and
the Western Ghats (Jaiswal and van Westen, 2009; Sreekumar, 2009). Earthquakes are
also a trigger of landslides in the Himalayas (Champati Ray et al., 2009; Saraf, 2000) but
are not known to have directly triggered landslides in the Western Ghats (Kusala and
Rajendran, 1995). The Himalayan belt experiences many different kinds of landslides
such as deep seated composite slides (Bhasin et al., 2002), rotational and translational
(shallow and deep) rock slides (Martha et al., 2009), rock and debris falls (Champati
Ray et al., 2009; Paul and Mahajan, 1999) and debris flows (Saha et al., 2002). The
Western Ghats experiences several types of landslides during the monsoon seasons. This
includes rock falls, rock slips, slumps, creeps, debris flows and in a few cases, rotational
types of slides (Thampi et al., 1998). Landslides occur from June to September (SouthWest monsoon season) in the western flank of the Western Ghats, while in the eastern
flank they occur mainly from October to December (North-East monsoon season). Deep
seated landslides are more common in the west facing northern segment (north of
Palghat gap; cf. Figure 2-1) and along the eastern flank of the Western Ghats where
regolith thickness varies between 1 to 20 m (Basak and Narasimha Prasad, 1989; Jaiswal
and van Westen, 2009; Thigale and Khandge, 2005) while the west facing southern
segment (north of Palghat gap) mostly experiences shallow landslides due to shallow
regolith thickness ranging between 0.25 and 5 m (Sreekumar, 2009; Vijith and Madhu,
2008). The spatial and temporal frequency of landslides in India is suspected to have
increased since the late 19th century (Thakur, 1996). Much of the increase in landslide
activity was observed along regions that saw expansion of the population into hilly
terrain (Jha et al., 2000). This migration was accompanied by the degradation of
forested areas or their complete conversion to commercial and subsistence agriculture
(Thigale and Khandge, 2005; Tucker, 1987).
1.3.

Landslide research in India

The earliest known landslide susceptibility mapping in India was of the Nilgiri
area (in the Western Ghats) by Seshagiri et al. (1982), applying a heuristic weighting
and rating method. Anbalagan (1992) used a similar approach for the landslide
susceptibility mapping of the Kathgodam-Nainital area (the Himalayan belt). In 1998,
the Bureau of Indian Standards (BIS) formulated guidelines for landslide susceptibility
zonation on macro scale (1:50,000) for the whole country (BIS, 1998). These guidelines
propose an indirect approach to landslide susceptibility mapping based on a
generalized heuristic system of fixed weighting or ranking of geo-factors without
directly or indirectly considering the landslide inventory data. Since then several
studies have been reported from various parts of the country which includes site
4
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specific investigations to identify the predominant causative factors (Paul et al., 2000;
Sah and Mazari, 1998), heuristic weighting and rating (Nagarajan et al., 2000; Thampi
et al., 1998) and stochastic methods (Arora et al., 2004; Das et al., 2010; Vijith and
Madhu, 2008) for regional scale landslide susceptibility mapping, object oriented
classification for semi-automatic landslide detection (Martha et al., 2009) and volume
estimation (Martha et al., 2010) from satellite remote sensing data and temporal
probability of landslides based on rainfall thresholds (Jaiswal and van Westen, 2009).
Attempts to forecast landslides based on continuous observations of rainfall,
hydrological responses and slope movements started in 2007 (Ramesh, 2009) and a
comprehensive guideline to conduct such studies was released by the National
Disaster Management Authority of India recently (NDMA, 2009). However, due to the
difficulty in obtaining base-maps, multi-temporal landslide inventories and high
resolution (1 hr or less) weather data, the development of new approaches such as the
use of spatially distributed physically-based landslide initiation models and run-out
models, have always been impeded in India and hence have not been widely
attempted before.
1.4.

Problem Statement

An area that is suspected to have experienced an increase in landslide
frequency in the last century is the state Kerala, of which 40% is occupied by the
Western Ghats, the most prominent orographic feature of peninsular India. The impact
of these landslides is large, as Kerala is the third most densely populated (819
people/km2) state of India (Census of India, 2001; Thigale and Khandge, 2005). The
most prevalent, recurring and disastrous type of mass movements noted in Kerala are
the debris flows (Thampi et al., 1998). They initiate as rainfall-induced shallow
translational landslides and are called "Urul Pottal" in Malayalam, the local vernacular.
They are the primary agents of landscape evolution and the dominant denudation
process in humid forested areas (Iida, 1999) like the Western Ghats. They affect the
land quality by resulting in intense soil loss while land managers struggle to conserve
the soil. The characteristic behaviour of this phenomenon is the swift and sudden
down slope movement of water saturated debris containing both fine and coarse
material, including huge boulders destroying and carrying with it everything along its
path (Thampi et al., 1998). Several debris flows may coalescence as flow paths meet
and their destructive power may be greatly increased.
Three important questions fundamental to understanding the hazard
potential of debris flows are “where, why and when” (Hartlen and Viberg, 1988). These
questions which pertain to the occurrence of the shallow landslides in the source areas
that consequently cause debris flows need quantitative answers for sustainable land
5
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use planning and efficient and effective disaster risk reduction. The most accepted
quantitative expression of “where and when” from a hazard perspective is the spatial
probability and temporal probability of landslide occurrence (Varnes and IAEG
Commission on Landslides and other Mass-Movements, 1984). Spatial probability is
defined as the conditional probability of initiating a landslide with a specific volume
and type at a specific location, given a certain triggering event with a certain
magnitude/intensity. Temporal probability is defined as the conditional probability of
initiating a landslide with a specific volume and type, given a certain triggering event
with a certain magnitude/intensity within a certain time period. Quantifying the spatial
and temporal probability of landslides is a difficult task even with significant scientific
progress in the understanding of the underlying processes (van Westen et al., 2005).
Although mathematical abstraction of the complete mechanism of shallow landsliding
remains a scientific quest, available models are capable of capturing the most
significant processes (“why”).
A debris flow system can fundamentally be divided into three zones: an
initiation zone, a transport zone and a deposition zone (Figure 1-2). Most of the debris
flows in the Western Ghats of Kerala initiate in locations of bed rock depressions
(Figure 1-3) (Thampi et al., 1998). Such depressions occur in close proximity (but are
not confined) to large rock outcrops (“where”), where water from upslope and
colluvium accumulates and weathering is more pronounced creating a thin layer of
regolith, underlain by saprolite and lithomargic clay (Fermor, 1911).

Figure 1-2: Components of debris flow [modified after (Malet et al., 2005b)]
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Figure 1-3: A typical bed rock depression filled with material and a
schematic cross section of such locations

Figure 1-4: Peringalam landslide, upper Meenachil river basin, Kerala that
occurred on 14 October 2004, 17:00 hrs (Photographed in 2007)

7

Introduction, aim and objectives

If undisturbed they support evergreen creepers and thorny shrubs. The
natural concavity of such locations favour rapid saturation and pore water pressure
development during intense rainfall making the thin regolith layers in them unstable
and develop into debris flows. These flows follow the drainage lines scouring out the
stream beds and accumulating more material as they move downslope. Most often the
moving mass becomes large enough to stop following the drainage channels and
continue straight downslope causing significant damages. The material drains towards
the main stream; if left without being washed off, the debris deposition zones will
generally resemble cone-shaped alluvial fans. Figure 1-4 shows the scouring effect and
the destructive nature of the debris flows of Kerala as they leave the original drainage
channel.
So far, studies (Basak and Narasimha Prasad, 1989; Sreekumar, 2009; Thampi
et al., 1998) have shown that the soil in the region are intrinsically low in cohesion and
losses its cohesive state rapidly with addition of water. The role of pore water pressure
as the trigger was for long suspected but never confirmed through either observations
or modelling studies. It is known from preceding studies in the Western Ghats that
during intense rainfall pockets of perched water table develops and rapidly fluctuates
with variations in rainfall (Langsholt, 1992, 1994). In this research, the primary
assumption was that the actual mechanism leading to slope failures in the region may
be related to the loss of cohesion due to soil saturation during the rainy seasons and
the trigger in itself may be the development and attenuation characteristics of pore
water pressure. Thampi et al. (1998) suggested that two days rain in excess of 300 mm
during a continuous steady rainy period may induce landslides (“when”) in the steep
slopes of the Western Ghats. However, the frequency of occurrence of such rainfall
events in the landslide prone areas is unknown.
The probability of shallow landslide initiation may in theory be attributed to
the occurrence of extreme rainfall events or to rapid land use/land cover changes
(Glade, 2003; Godt et al., 2006). Land use change and the consequent presence or
absence of vegetation is considered as a major factor that influences the occurrence of
rainfall-induced shallow landslides. A large part of the steep sloping Western Ghats of
Kerala which was covered with pristine hardwood tropical forest (Markham, 1866)
experienced rampant deforestation and conversion to agricultural land use starting from
1800’s, mostly driven by various government policies favouring uphill migration
(George and Chattopadhyay, 2001; Kumar, 2005). Initially, most of the lower part of
the hill slopes were converted to home gardens growing diverse variety of tuber crops,
spices, woody shrubs and tree crops, while the upper more inaccessible slopes were
left relatively intact (Chandrasekar and Baiju, 2010). With the advent of plantation
crops in the early 20th century hill slopes up to 500 m (and in some areas even up to
8
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800 m) altitude were converted mostly to mono-culture Hevea brasiliensis (rubber)
plantations. This initial deforestation and the eventual conversion from species rich
home gardens to mono-culture plantations may have resulted in the rapid reduction of
root reinforcement and the mitigating influence of the canopy through interception
and evapotranspiration on the generation of critical pore water pressure conditions as
noticed from elsewhere in the world (Glade, 2003; Greenway, 1987; Sidle et al., 2006;
Styczen and Morgan, 1995).
While forest to mono-culture conversion may have affected the overall
stability, the prevalent plantation management practices may be affecting the short
term stability of the slopes in the region. For example, rubber has a crop life of
approximately twenty years. As plantations pass their optimal crop life, they are felled
and the land is left fallow for at least 1 to 3 years. This results in a period when the soil
is exposed to intense monsoon rainfall. Depending on the slope conditions of the
rubber fallows, farmers either excavate the old rubber root system destroying the
inherent stability of the soil or leave the roots to decay over time not only resulting in
macropores that increases infiltration (Sidle et al., 2006) but also resulting in a
progressive reduction in the root-soil bond (O'Loughlin and Ziemer, 1982). As a result
of these unsustainable practices the shallow soils on the steep slopes loose natural
cohesion and root reinforcement (Turkelboom et al., 2008) and when coupled with
high intensity rainfall, it results in the activation of intensive and extensive land
degradation processes such as debris flows.
Similarly, the slopes are terraced for cultivation which if poorly maintained is
known to favour instability (Johnson et al., 1982; van Dijk and Bruijnzeel, 2004). In
order to gain more cultivable land and trap the much valuable top soil, farmers create
terraces even in the steep upper slopes often ignoring the zero order streams and rills.
Unlike those in the lower altitudes, these terraces are constructed with loosely stacked
rock fragments with limited provision for free drainage. Over time, soil accumulates
and natural vegetation establishes or farmers cultivate in such locations, making it
practically impossible to map these bed rock depressions which favours water
accumulation. Their presence is only confirmed when an event occurs and the entire
material is washed off.
These ongoing land use changes and crop management practices coupled
with high intensity and prolonged rainfall during the monsoon season (Krishnakumar
et al., 2009; Simon and Mohankumar, 2004) are considered to be the cause of increase
in rainfall-induced shallow landslides in the Western Ghats of Kerala. However, these
are only assumptions based on either site specific studies (eg., (Basak and Narasimha
Prasad, 1989; Sreekumar, 2009)) or regional scale landslide susceptibility mapping
studies (eg., (Thampi et al., 1998; Vijith and Madhu, 2008)) which lacked any validated
9
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hypothesis that linked the actual failure mechanism to the respective hydrometeorological and land use conditions. Thus the fundamental hypothesis of this study
was that the spatio-temporal probabilities of shallow landslide initiation in the
Western Ghats of Kerala is dependent on the land use which in turn determine the
mechanical and hydrological effects of vegetation on slope stability (Greenway, 1987).
A quantitative assessment of the effects of long and short term land use changes on
the spatio-temporal probability of landslides in the region is still lacking.
A physically-based spatially distributed dynamic modelling was assumed to be
the most suitable approach to validate this hypothesis as it has the capability to not
only estimate the spatio-temporal probabilities of shallow landslide initiation, but also
quantitatively assess the influence of changes in environmental conditions on slope
stability, for example those of land use changes (van Beek and van Asch, 2004; van
Westen et al., 2005). Such models require spatially explicit and accurate quantification
of all possible input variables, but regardless of the care taken to quantify the variables
with accuracy, there will always remain some level of uncertainty which eventually will
propagate to the results. For example, it is known from preceding studies that soil
depth (topographical surface to bed rock) and soil properties are important variables
determining the quality of results derived from the models (van Beek and van Asch,
2004). These variables measured at specific locations can be parameterized either by
assigning the resultant values to representative spatially aggregate units (classes) or by
interpolating them over regularly spaced grids covering the area of interest. Depending
on the choice, the quality of final predictions may greatly be affected.
It is observed that physically-based models often have low predictive power
and are not exact estimators of the observed landslide density (“where”) (Mulligan and
Wainwright, 2005; van Beek and van Asch, 2004). A good predictive quality can only
nearly be achieved through exhaustive calibration and validation procedures. Applied
research using physically-based dynamic models are often impaired by the lack of
sufficient data. This necessitates the chosen model(s) to have certain technical
qualities such as i) operate reasonably well in varying data availability conditions, ii)
must have an open architecture enabling integration with other related models and iii)
must preferably be in a free software environment. Such a model should enable wider
means of parameterization such as the use parameters derived from remote sensing
data.
1.5.

Aim

The aim of the research was to evaluate the effects of land use changes on
the spatio-temporal probabilities of shallow landslides in the Western Ghats of Kerala,
India by means of a physically-based model.
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1.5.1.

Objectives

i.

To compile the history of landslide susceptibility and the chorology of
landslide prone areas of the Western Ghats of Kerala and identify a suitable
representative study area for conducting detailed research
ii. To assess the relative efficiency of various physically-based shallow landslide
models in a data poor condition and identify the important parameters and
suitable data for the calibration of the ‘best’ model
iii. To evaluate rainfall return intervals and its relationships to landslide
occurrence and to characterize the hydrological response of the slopes to
rainfall in the study area
iv. To devise a methodology for optimally parameterizing the spatial variation of
soil depth, soil properties and root reinforcement
v. To map the long term and short term land use/land cover changes and
quantify the mechanical and hydrological effects of these changes on slope
stability and the spatio-temporal probability of shallow landslides in the study
area, using the tested and adapted ‘best’ model
1.6.

Structure of the thesis

The second chapter provides a description of the history and chorology of
landslide prone areas of Kerala and identifies a suitable study area for conducting a
detailed investigation. The third chapter attempts to identify a suitable shallow
landslide initiation model that could be used for the study. It further identifies the
various intricacies of the chosen model and the calibration and validation
requirements. It also details the various aspects of creating an observational network
to acquire the necessary calibration and validation data. Furthermore, it details the
secondary sources of data that were used in the thesis.
The fourth chapter details the rainfall characteristics, long term and short
term land use/land cover variations and the hydrological response of the catchment
based on observational data. The fifth chapter address the soil properties necessary
for the chosen model and the methods by which they were acquired and
parameterized. It also illustrates the methods used for quantifying the mechanical
effects of vegetation on slope stability in the study area.
The sixth chapter quantifies the long and short term land use induced changes
and the consequent effects on slope stability and probability of landslide initiation. The
seventh chapter summarizes the research, derive general conclusions and recommend
optimal land use practices that would enable to check any increase in the probability
of shallow landslide initiation in the region.
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Based on:
Kuriakose, S.L., Sankar, G. and Muraleedharan, C., 2009. History of landslide
susceptibility and a chorology of landslide prone areas in the Western Ghats of
Kerala, India. Environmental Geology, 57(7): 1153-1568.

3

Tirukkural is a classic of couplets or aphorisms authored by Thiruvalluvar (200-10 BCE). Translation: “All
lands and towns are learner's own, why not till death learning go on!”
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2.1.

Introduction

Kerala is a narrow segment of land in the south western part of peninsular
India (Figure 2-1) extending over a distance of 560 km along the west coast between
the Arabian Sea and the Western Ghats. The Western Ghats is the most important
physiographic as well as orographic feature of the Indian peninsular region. These
mountains fringe the west coast of India from Tapti estuary in the north to Kanya
Kumari (Cape Comorin) in the south. The area of the state is about 38863 km2 of which
40% lies in the highland region forming the western slopes of the Western Ghats. The
western declivity is steep and usually terraced resembling ‘ghat’ or landing stairs from
which it derives the name (Pascoe, 1964). It also plays a critical role in the climate of
India. This steep sections of the mountain system known as the Western Ghats Scarps
is the most susceptible to landslides (Figure 2-1). Even though the region once
supported typical tropical forests and grasslands, substantially vast area has been
cleared and converted into monoculture plantations and agricultural fields from the
early 19th century onwards (KSFWD, 2004).
The region experiences several types of landslides especially during the
monsoon seasons. This includes rock falls, rock slips, slumps, creeps, debris flows and in a
few cases, rotational types of slides. The debris flows along the Western Ghats are
confined flows that affects the overburden weathered rock and soil, leaving the much
stronger Precambrian crystalline basement intact (Thigale and Khandge, 2005).
Infiltration and the resultant transient changes in the hydrological systems is probably
the most common trigger of landslides in the region. The triggering system is related to
an increase in pore water pressure resulting in a decrease in effective stress and
strength, and thus a possible decrease of factor of safety to less than 1. In general, four
sequential phases towards the development of debris flows can be identified, they being
(1) movement of water to the site of failure (surface flow, interflow and direct
contribution by rainfall), (2) failure of the soil mantle by sliding (loss of cohesion), (3)
mobilization of the material as debris flow and (4) travel of the debris flow (Ellen, 1988).
A pictorial representation of the major processes leading to shallow landslide initiation is
provided in Figure 2-2. Vegetation exerts a significant influence in determining the
occurrence of slope failure conditions, by intercepting rainfall, reducing soil moisture
through evapotranspiration and increasing the stability by root induced cohesion
(Greenway, 1987; Nilaweera and Nutalaya, 1999).
2.2.

Landslide research in Kerala

Several institutions have conducted landslide research in Kerala including
Centre for Earth Science Studies (CESS), Geological Survey of India (GSI), Centre for
Water Resources Management and Development (CWRDM), National Transportation
14
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Planning and Research Centre (NTPAC) and National Institute of Technology, Calicut
(NIT-C). Most of the studies conducted by these institutions are post event evaluation
reports for the Revenue department of the State Government or for the Central
Government.

Figure 2-1: Physiographic units (Chattopadhyay and Mahamaya, 1995) and district
boundaries of Kerala overlaid with fatal landslides that occurred between 1961
and 2009

15

Landslides in Kerala

Figure 2-2: A sequential schema of shallow landslide initiation [Modified after
(Malet et al., 2005b)]

The earliest reported study on landslides was conducted by Balasundaram
(1967). Krishnanath (1985) conducted a landslide susceptibility mapping in the state
applying principles of rock mechanics. Basak and Narasimha Prasad (1989) highlighted
the role of soil saturation, pore water pressure and consequent loss of shear strength
during intense rainfall events in causing landslides in the state. The very first regional
scale landslide susceptibility mapping in the region was conducted by Thampi et al.
(1998). The study evaluated a 750 km2 area covering the districts of Kottayam and
Idukki using heuristic weights of evidence method. Unlike similar studies elsewhere,
this study also contained a detailed soil thickness map prepared through elaborated
field data collection. Though a detailed geotechnical survey of the soils in the region
was carried out, the data was ruled out from being weighted for the zonation as all the
samples had uniformly low safety factor in wet condition and high safety factor in
natural dry state. The study showed that majority of mass movements occurred in
steep slopes (+20°) in the highland physiographic unit (Figure 2-1).
Muraleedharan (1995) suggested that bedrock fissures play a role in siphoning
excessive storm water to inherently (topographically) unstable zones in the slopes.
Sankar (1991) opined that terraced slopes without sufficient drainage provisions
favored slope failures in the state. Other published landslide research works from the
state include Chinnamani et al. (1980), Krishnanath and Sreekumar (1996), Gupta
(2001), Muthu and Muraleedharan (2005), Sajin Kumar (2005), Sreekumar and
Krishnanath (2000) and Vijith and Madhu (2008).
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However a comprehensive survey of Kerala in terms of historical and present
day landslide susceptibility is lacking. Attempts to build a chronology of landslide
susceptibility based on historical documents are a crucial first step towards
comprehensive landslide hazard assessment (Guzzetti et al., 2003; Wasowski, 1998). In
regions where landslide investigation is a young discipline, the analysis of historical
documents can provide important information about the type and the temporal and
spatial distribution of landslide events (Devoli et al., 2007). This chapter presents a brief
survey of ancient literature (prior to 19th century) to assess the history of landslide
susceptibility and driving forces of landslides in The Western Ghats of Kerala. An
attempt is made to present a chorology (physiography, climatic factors and land use) of
landslide prone areas in the state. In addition, four major landslide events are
described in detail to highlight the intrinsic and extrinsic factors that are crucial to
slope instability in the region.
2.3.

Conducive physiography

Based on distinct biophysical characteristics the state can be divided into 6
physiographic units (cf. Figure 2-2) namely, the mountains and peaks (>1800 m), the
highlands (600-1800 m), the foothills (300-600 m), uplands (100-300 m), undulating
midlands (20-100 m) and coastal plains (<20 m) (Chattopadhyay and Mahamaya,
1995). A major structural discontinuity, named Palakkad Gap with a width of 30 km,
divide the Kerala segment of the Western Ghats into two, creating distinct geomorphic
units and ecological niches. Five planation surfaces can be identified in the
physiographic units which are grouped into two broad categories, namely the high
level planation surfaces (>700 m) and the low level planation surfaces (0-300 m)
(Chattopadhyay, 2004). The high level planation surfaces shows old age characteristics
while slopes bounding them present a youthful topography, consequent of its
distinction being the source region of most of the rivers. These plateau margins called
the Western Ghats scarps, having a linear extent of approximately 470 kms through
the entire length of Kerala, present an abrupt rise in topography from an altitude of
~100 m (MSL) creating near vertical scarp faces and amphitheatre like basins
characterised by 70% to 100% slopes. The scarps are the most susceptible to landslides
as compared to the other physiographic units (cf. Figure 2-1) (Sankar, 2007).
The origin of the scarp face is attributed to the West Coast Faulting in the
Cretaceous, later modified by Miocene block uplifts. Several nick points along thalwegs
of the rivers are an indication of rejuvenation. The evolution and current landscape of
the Western Ghats are principally attributed to the scarp retreat along structurally
weaker planes (Balakrishnan, 2001), neo-tectonics and denudational processes. A
detailed description of the scarp lands is available in Chattopadhyay (2004).
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The dominant rock unit of the region are Precambrian crystalline rocks such as
charnockites, khondalites and gneisses and they underlain most parts of the highlands
and the foot hills including the scarps (Soman, 2002). It is part of the South Indian
Precambrian terrain with sporadic intrusions of later Precambrian, early Paleozoic
granites, associated Pegmatites and Meso-Cenozoic dykes. Intensive deformations
have occurred to the crystalline rocks in several stages of the orogeny. The general
foliation trend is NW-SE and it varies between NNW-SSE to WNW-ESE. Late tertiary
sedimentary formations are found along the coast of Kannur and from Kottayam to
south of Thiruvananthapuram (cf. Figure 2-1). Several lineaments manifested through
surface features like straight stream channels, distinct vegetation cover and
topographic alignments were identified in the region and grouped into three based on
their trends (Ganesh Raj et al., 2001). Almost all major fractures, shears and fault zones
of the state align with the NW-SE to WNW-ESE set of lineaments which appear to be
en-echelon in nature. A generalized geology map of the region with major structural
discontinuities can be found later in this chapter (cf. Figure 2-10).
The state is traversed by 44 rivers of which only three are east flowing. The
general drainage pattern is dendritic. Most of the streams are structurally controlled
and short in length with a steep gradient of 1/250 or more in the highlands. An abrupt
change in the gradient is observed along the plateau margins and between the older
and the younger planation surfaces indicating active fluvial erosion.
The highlands and foot hills are dominated by lateritic soils and forest loams
(SSB and NBSS&LUP, 1979). Soil cover in this region is shallow with an average
thickness between 1-3 m. The
profile
consists
of
unconsolidated
colluvium,
boulders, laterite, saprolite and
lithomargic clay resting over the
hard Charnokites and Gneisses.
Except on plateau surfaces and
plateau remnant hills the soil is
transported and constantly
disturbed by anthropogenic
activity resulting in the loss of
cohesion and consolidated
profile development. Subsurface
Figure 2-3: Texture of soil samples from the Aruvikkal
pipes are seen to be wide
catchment, upper Meenachil river basin
spread along the Western Ghats
scarps. Studies conducted on the stress-strain characteristics of the soils along the
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Western Ghats scarps indicate frictional soils that lack cohesive strength thus being
stable in dry conditions but drastically loose shear strength with increasing moisture
content (Chandrakaran et al., 1995). Texture analysis indicates that the soils are
dominated by sandy clay loams. Figure 2-3 shows the textural properties of 21 soil
samples from the upper Meenachil River basin along the Western Ghats scarp lands
collected and analysed at CESS in 2007. The major weathering process in the area is
hydrolysis under high precipitation (Bourgeon, 2001; Deepthy and Balakrishnan, 2005).
The denudation rate in the Western Ghats has been estimated at 20 to 75 m Ma-1
(Gunnell, 1998) and the soil production and erosion rates appear to be in equilibrium
(Gunnell, 2000).
A regional assessment indicates that the major parameters affecting slope
stability in the region are steep slope (>20°), overburden (soil) thickness, soil moisture,
drainage characteristics and land use/landcover (Thampi et al., 1998). Studies conducted
in the state indicates that prolonged and intense rainfall or more particularly a
combination of the two and the resultant pore water pressure variations are the most
important trigger of landslides (eg., (Basak and Narasimha Prasad, 1989; Thampi et al.,
1998)). The time of landslide initiation is suspected to be determined by persistence of
high pore water pressure conditions for a prolonged period (Kuriakose, 2006).
2.4.

Conducive climate

Kerala has a tropical climate with three distinct seasons namely the southwest monsoon (SWM; June-September), north-east monsoon (NEM; OctoberDecember) and pre-monsoon (PM; January-May) influenced by the Indian Monsoon
System with a long period (1941-90) annual average rainfall of 309.74 cm (IMD, 2010).
The spatial pattern of rainfall in the region is governed principally by the orographic
effect of the Western Ghats. The rainfall in the highlands and the Western Ghats scarp
faces are generally above 200 cm with some places having more than 500 cm (Simon
and Mohankumar, 2004). Analysing the rainfall from 1901 to 1980, Sampath et al.
(1995) concludes that SWM rainfall decreases with altitude from west to east up to
600 m (MSL) and then increases up to a height of 1500 m (MSL), beyond which it
decreases. The contribution of SWM rainfall increases from south (46%) to north (83%)
and is more consistent in the northern part of the state. The NEM contributes 33% of
the annual rainfall in the southern most district, Thiruvananthapuram, and 9% in the
northern most district Kasaragode. Districts south of Ernakulam receive significant
amounts of PM showers too. Soman et al., (1988) observed a decreasing trend in
monsoon rainfall along the highlands, reason for which was attributed to
deforestation. Figure 2-4 shows the long period average annual rainfall map based on
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data from 75 stations for 1901 to 1990 (CWRDM, 1995) and the annual rainfall of the
state from 1871 to 2005 (Krishnakumar et al., 2009).
Based on modelling studies climate change researchers suspect an increase in
the probability of high
intensity
(mm/day)
monsoon rainfall along
the western slopes of
Western Ghats due to
global climate change
effects (Ashfaq et al.,
2009; Goswami et al.,
2006; Lal et al., 2000).
However, it was hard to
agree
on
these
predictions because, a)
the 1 day to 10 day
cumulative
maximum
rainfall of 75 stations of
Kerala from 1901 to 1980
showed a decreasing
trend (Soman et al.,
1988), b) based on the
analysis of rainfall of
Kerala from 1954 to
2009, Pal and Al-Tabba
(2009) concluded that
such rainfall trends have
large intra-regional and
seasonal differences, c)
Figure 2-4: a) Long period average annual (1901-1990)
the seasonal and annual
rainfall map of Kerala interpolated from the isohyets
(CWRDM, 1995) overlaid with the fatal landslides of 1961rainfall amounts of Kerala
2009 and b) the trend of annual rainfall (dots: annual rainfall;
have
not
varied
thick black line: 5 year moving average; straight black line:
significantly from the
long period average) from 1871 to 2005 (Krishnakumar et al.,
2009)
long period (1871-2005)
average (Krishnakumar et al., 2009) and d) data for a 131-year period (1871–2001)
suggests no clear role of global warming in the variability of monsoon rainfall over
India (Kripalani et al., 2003).
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Rainfall intensity shows significant spatial variability; in the high altitudes (>
1300 m), low intensity events below 20 mm/hr dominate in total contribution (~81%)
to the rainfall during the monsoon season. Low altitudes receive only 44% of the
monsoon rainfall from low intensity rainfall (Sasi Kumar et al., 2007). Observations
using rain radar and disdrometer indicates that in southern Kerala, high intensity
rainfall events are dominated by larger drop sizes in contrast to central Kerala where
high intensity rainfall events have more number of drops (Harikumar et al., 2007).
March-May are the hottest months with maximum temperature reaching ~32°C and
the minimum of ~20°C is experienced in December-January. Winds over the state are
seasonal; diurnal variation is felt owing to the maritime influence. Wind speeds attain
40-50 km/hr during and before the monsoon rains. Relative humidity varies between
80-95% during the monsoon and 70-75% during the PM (Pisharody, 1992).
Even though the state has physical and climatic settings conducive for the
natural occurrence of instability the intensity of these events are not the same as in the
historic past. Many researchers suspect an increase in the rate of landslide frequency
(eg., (Chattopadhyay, 1985; Jha et al., 2000)) as a consequence of the increased
population pressure and unsustainable land use practices on the physiographic units
naturally susceptible to landslides. This demands a detailed review of historical
documents to assess the rate of landslide activity in the recorded history of the region.
2.5.

Historical analysis of landslide activity

An investigation into the oldest known historical document of the region, the
Sangham Literature, did not yield any description of landslides. The Sangham literature
is a collective set of documents authored by the Sangham School of scholars and poets
who lived from the 3rd century BC to 3rd century AD. None of the Arab travellers to the
state from the 9th century AD, namely Sulaiman (841 AD), Al Idrisi (1154 AD),
Rashiduddin (1273-1331 AD) or Ibn Batuta (1342-1347 AD) describes landslides in the
region. Iban Batuta’s travelogue especially has ample descriptions of sudden natural
phenomena in the region such as the unprecedented storms that turns calm seas to
rough, sudden floods in the rivers and the lightning that are associated to the PM
convective clouds. There was hardly a chance that these scholars miss any such
phenomena as landslides given the details in their descriptions of the climate,
geography, demography and economics of the region. If wide spread, the possibility of
these events going unnoticed as they occur deep inside the Western Ghats, which was
then largely desolated, can also be ruled out given the fact that all the then trade
routes connecting to the present Tamil Nadu crisscrossed the forests of the Western
Ghats. These were busy routes with spices being a major agricultural commodity
mostly collected from the forested Western Ghats and traded across.
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The early Portuguese travellers and the Dutch scholars also miss any
description of such events. Mr. Francis Buchanan-Hamilton is known for his detailed
descriptions of the Malabar region (northern Kerala), however, he also does not
describe any landslides in the region (Buchanan-Hamilton, 1807). The Logan’s Manual
(also known as the Malabar Manual) (Logan, 1887) and The Travancore Manual
(Nagam Aiya, 1906) describes various flood events in the rivers of the region, but they
also miss details of any landslide events. However, one can easily identify many rainfall
extremes in these descriptions, two of which deserves particular interest, they being
the description of the 371 AD and the 1341 AD floods in the Periyar River. The 4th
century flood severely damaged the areas along the Periyar and the people living there
had to escape to safer locations, abandoning their homes and livelihoods. The later
flood lead to the filling up of the historically important Muziris port mentioned by Pliny
the Elder in his Natural History (N.H 6.26) as primum emporium Indiae, the most
important trade centre of India. Available descriptions state that the flood in 1341 AD
resulted in splitting of the left branch of the river into two just before Aluva.
The flood silted the right branch (known as River Changala) and the natural
harbour at the mouth of the river, and resulted in the creation of a new harbour at
Kochi. An Island was formed during the flood (Logan, 1887) named Putu-Vaipu. The
infilling of the Muziris port and the splitting up of the river is beyond any doubt
associated to some massive landslides that yielded much more sediments than the
current average rate of 1261x103 metric tons/year sediment load (Ittekkot and
Subramanian, 2001) in the rivers of Kerala. The natural dam like confinement of Periyar
River near Bhoothathankettu reservoir by two gigantic boulders are supposed to have
been the after effect of this landslide (Staff Reporter, 2001). The description of these
floods thus can be considered as an indirect reference to the landslides in the
highlands of Kerala, implying that the processes that are in play today were also in
action in the past. Given the scanty reference of debris flows and landslides in the
historic documents it could be concluded that in the past landslides were isolated
events having no hazardous consequences. It is thus necessary to understand the
anthropogenic driving forces that changed this evolutionary earth surface process into
hazardous events with disastrous consequences.
2.6.

History of anthropogenic disturbances

Hilly regions of Kerala experienced anthropogenic disturbances right from the
start of the colonial era in the late 1700’s. Timber from the Malabar region (northern
Kerala) was unscrupulous exploited by the Imperial Government for the construction
of the Naval Dockyard in Bombay since early 1730’s (KSFWD, 2004). This rampant
deforestation resulted in reduced surface water availability and frequent disastrous
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flash floods along the Western Ghats from the mid 19th century (Markham, 1866).
Though attempts to control deforestation were brought in by British India executives
such as Mr. Canolley (1880) and Col. Munroe (1812) the rate of deforestation only
increased from the late 19th century. This increase was as a consequence of four state
initiatives, they being (a) the late 19th century Royal Proclamation encouraging
plantations (b) the mid 1940’s “Grow More Food” campaign (c) the colonization
program of the state government prior to the reorganization of the states in 1950s and
(d) the major hydro-electric and irrigation projects (George and Chattopadhyay, 2001).
An estimated 44.4% declared forest in 1905 (Chattopadhyay, 1985) declined to 28.99%
in 2009 (F.S.I, 2009).
The lumberers and the migrant settlers seeking better fortunes cleared most
of the natural forest cover, originally for various hill crops and only to be later replaced
mostly by rubber plantations with intermittent cassava (Manihot esculenta) cultivation
(Kumar, 2005). Cassava cultivation is known to accelerate soil erosion (Putthacharoen
et al., 1998) and the land use practices associated with it are deemed to act as a
catalyst to slope failures in the region (Government of India, 1956). Cobble packed
slope terracing ignoring the natural drainage (Figure 2-5) is a prevalent practice among
the farmers in the region which was identified as a reason to have increased the
susceptibility to landslides. The early deforestation, eventual complete conversion to
mono-culture plantations and the prevailing land use practices may have resulted in
the shallow soils on the steep slopes loose natural and root induced cohesion. This
when coupled with heavy rainfall, leads to debris flow initiation (cf. Section 1.4).
According to the systematically recorded climatic history of the state, 1881
experienced a catastrophic flood as a result of ~488 cm rainfall. However, reports of
landslides were not to be found in
news papers of the time. A survey
of newspapers namely Deepika
(1887 onwards) and Malayala
Manorama (1888 onwards) also
did not yield references to
landslides or debris flows in the
region till the mid 20th century.
The oldest clearly described
landslide occurred on 4th October
Figure 2-5: Cobble packed terraces and poorly
1882 in Meladukkam village near
defined drainage
Irattupetta town of Kottayam
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district (Souvenir Committee, 1982). Gopinath (1985) reports that Urul Pottal became
a popular term in the mass media during the monsoon seasons only after the 1949
debris flow in the Kodiyathoor hill of Thodupuzha Taluk, Idukki district.
A study conducted on migration suggested that in the past 80 years the
coastal plains recorded a population growth of 306% where as the highlands, foot hills
and uplands together experienced a growth of 1342% (Nair et al., 1997). The
development activities usually associated with the growing population such as building
of roads, railway and infrastructure and blasting and quarrying have considerable
influence on determining the susceptibility to landslides. The growth of population and
the consequent demand for land are very high in Kerala as per capita availability of
land was only 0.012 ha as on 2001. This warrants the identification of landslide
susceptible areas, a first step towards which is the compilation of available records.
2.7.

State wide landslide inventory
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Fatal Landslides

Given the lack of a systematic database of landslide occurrence, investigation
reports from various research institutions and news paper reports were used to build a
district wise inventory of landslides and identify the most prone regions. All 13 of the
14 districts of Kerala (Figure 2-1) except the coastal district of Alappuzha experienced
landslides. The survey revealed that a total of 65 fatal landslides occurred between
1961 and 2009 causing the death of 257 individuals. Figure 2-6 shows the number of
fatal landslides from 1961-2009 while Figure 2-7 shows the respective map.

Figure 2-6: Number of fatal landslides in Kerala from 1961 to 2009

Appendix 1 provides the inventory. It was evident that the number of
landslides causing fatalities have increased considerably since 1970’s (cf. Figure 2-6)
which coincides with the increase in population, deforestation and land use changes
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along the scarps owing to the four state initiatives described in Section 2.6. As against
the commonly held belief (eg., (Goswami et al., 2006)), there was hardly any evidence
to argue that changes in the amount or intensity of rainfall (up to at least daily totals)
due to any global climate change effects on Indian Ocean monsoon system (cf. Section
2.4) was the reason for this increasing trend of fatal landslides in the region. For almost
all fatal landslides, the location information was collected. However, those that did not
cause any human fatalities were included in a separate database with the specific place
name, village names, date of occurrence and the source of information, but are not
presented here.
2.8.

Case studies

Four well studied events are briefly discussed below. The events were the
Mundakay landslide, the Amboori landslide, the Adivaram landslides (cf. Appendix 1)
and the 2007 landslides all along Kerala (cf. Appendix 2). The selection of the events
were made in such a way that the intrinsic and extrinsic factors contributing to slope
instability in the region was brought out clearly. Table 2-1 shows some details and
characteristics of these events.
Table 2-1: Details and characteristics of Mudakay, Adivaram, Amboori landslides and the 2007
state wide landslides
Location
Mundakay
Adivaram

Date

Type

1 Jul
1984
6 Oct
1993

Slump turned
debris flow
187 shallow
landslides
Translational
slide turned
debris flow
71 events; 34
DS, 19 DF, 16 S
& AC and 2 RoF

Amboori

9 Nob
2001

2007 state
wide
landslides

Jun,
Jul
2007

Fatalities

Ar

LU

Al

Slp

14

32.3

F

1240

35

1

31.5

Mostly in
R, DF

> 200

>16

38

~2

DF

245

38

13

105

Several

>20

Slp: Slope, Ar: Area (ha); LU: Landuse; Al: Altitude (m, a.m.s.l); Slp: Slope in°; DS: Debris slide; DF: Debris
flow; S & AC: Slumps and Arcuate cracks; RoF: Rock falls

2.8.1

Mundakay landslide

This debris flow (cf. Figure 2-4a) had an average width of 150 m and it
travelled 1.5 km from the initiation point to 840 m down hill (Figure 2-8). The volume
of material that initiated the debris flow was estimated as 5x104 m3 and the material
that was scoured off was 4.5x103 m3 making it the biggest landslide recorded in the
state.
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Figure 2-8: Cross section of Mundakay landslide [modified after (Basak and
Narasimha Prasad, 1989)

Rainfall records show that the region received 340 mm rainfall on the day of
the landslide, which was the peak rainfall of the year in the middle of an above average
SWM rainfall season. Increase of pore water pressure in the already saturated clayey
layer as a result of this high intensity rainfall was considered as the cause of the
landslide. This was supported by evidence from unconfined compression tests on
samples from various layers of overburden which indicated an 84% loss of strength for
a 30% increase in moisture content. No direct evidences of anthropogenic disturbances
could be found from the initiation zone. This event thus indicates that landslides can
also occur in the forested areas of the state, as they are principally a landscape
evolutionary process.
2.8.2

Adivaram debris flows

Adivaram debris flows (187 events) are notable for the scientific attention it
triggered on understanding the mechanisms of shallow landslides that occur in the
region. Figure 2-4a shows the location of one of these 187 events which caused a
human fatality. This event paved way for developing the regional landslide hazard
assessment methodology by Thampi et al. (1998) currently practiced in the state. The
average dimension of the initiation locations was 5-10 m in width and 2 to 3 m in
length (cf. Figure 1-3), with the runouts reaching to the nearest confluence with a
higher order stream. In all the cases bed rock remained intact constraining instability
to the overburden.
The records from nearby Pullikanam tea estate showed that the 2 day
cumulative rainfall on the date of failure was 315 mm based on which Thampi et al.
(1998) suggested a minimum rainfall threshold for landslide occurrence in the region
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as 300 mm over 2 days. A significant relationship was observed with the slope length
and initiation locations; 157 of 182 surveyed events occurred on slopes of 150 to 450
meter length (Thampi et al., 1998). Overburden of the region was identified as
cohesion-less frictional soils having an average depth of 1 m resting over hard
crystalline charnokites (Chandrakaran et al., 1995).
A back analysis was carried out using the infinite slope model in order to
assess the effect of perched water table in determining the failure of 34 of these
locations that are in the upper Tikovil river basin (Kuriakose, 2006). Scenarios of
dryness and half saturation were assessed keeping cohesion at the average reported.
The parameter values used (based on Thampi et al. 1998 and Chandrakaran et al.
1995) and the corresponding factor of safety for 5 landslide locations in Tikovil River
basin (a sub catchment in the area) are shown in Table 2-2. Among the 34 landslides
analysed 3 remained stable even under saturated conditions owing to the low slope
values (< 10°) estimated for the locations; slide 4 in Table 2-2 is an example. Seven out
of 34 remained unstable in dry conditions as well; slide 5 in Table 2-2 is an example.
The reason for this can be attributed to the local variability of the intrinsic parameters
that are not captured by the estimates of such variables based on generalized soil units
and slope values derived from a coarse resolution DEM of 20 m.
Table 2-2: Location characteristics and factor of safety for various soil saturation scenarios of
some of the 1993 Adivaram shallow landslide initiation locations
FOS (-)

No

Slp (°)

Cs (kPa)

SD (m)

AIF (°)

SBUW
(kN/m2)

S

HS

D

1
2
3
4
5

16.2
21.3
28.6
10.7
39.2

0.0140
0.0017
0.0066
0.0017
0.0140

1.75
1.75
0.75
0.75
1.75

24.9
39.9
30.9
39.9
24.9

13.0
15.9
14.7
15.9
13.0

0.32
0.67
0.21
1.61
0.00

0.99
1.46
0.71
3.03
0.32

1.66
2.25
1.21
4.45
0.69

Slp: Slope, Cs: Soil Cohesion, SD: Soil Depth, AIF: Angle of Internal Friction, SBUW: Soil Bulk Unit Weight,
FOS: Factor of Safety, S: Saturation, HS: Half Saturation, D: Dry

2.8.3

Amboori landslide

Amboori landslide is a classic example of the influence of unsustainable land
use practices (careless developmental activity and unplanned housing) on increasing
the vulnerability to natural hazards in the state (cf. Figure 2-4a). It was a debris flow
(Figure 2-9) that initiated in a bed rock depression with an overburden of 1-2 m. The
approximate volume of material involved in the slide was 5000 m3. The slope was
terraced for rubber plantation and an ephemeral stream was obstructed near the
initiation zone. The runout reached 155 m downhill tracing the ephemeral stream,
travelling a distance of ~1 km. The exposed bedrock at the hill summit routed
significant amounts of water to the failure location. The L shaped slope cut for the road
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created an overhanging overburden
through which the storm water was
being discharge. This resulted in toe
erosion of the already precarious slope.
High intensity rainfall of 82.4 mm from
08.30 hrs to 20.30 hrs (~time of the
event), preceded by an above average
seasonal rainfall was identified as the
trigger of the event. Amboori event is
the worst natural disaster that has been
reported from Kerala in the recent past
excluding the Indian Ocean Tsunami of
2004. It is the only disaster from the
state that features in the EM-DAT
(2008) with a death toll of 38 (Muthu
and Muraleedharan, 2005).
2.8.4

2007 – A year of landslides in
Kerala

Figure 2-9: Amboori landslide [modified after
(Muthu and Muraleedharan, 2005)]

Monetary
loss
due
to
landslides and floods in the year 2007 was estimated to be worth €12·108 (Murali
Kumar, 2007). Four types of mass movements were reported in the year, namely
debris slides, debris flows, slumps and arcuate cracks and rock falls. Appendix 2 two
has more complete details of these events. Nine of the fourteen districts of the state
were affected. Figure 2-10a shows the locations of these mass movements, overlaid on
the geology (Soman, 2002) and slope maps. The region experienced numerous slumps
and arcuate ground fissures resulting in damage to buildings and affecting 0.23 km2 of
cropland. Piping, the phenomena that results in subsurface preferential flow paths as a
result of differential soil erosion, was identified as the cause of these. This resulted in
slumping which was manifested as arcuate circular cracks at the head ward side of the
hill slopes. The head scarps of several landslides that occurred in the year 2007 had
noticeable evidence of piping. Though this phenomenon was first reported in the state
in 1992 such wide spread occurrence was reported only in 2007. The process that leads
to piping and the preparatory conditions (such as soil chemistry, soil mechanical
properties, initiating mechanism etc) that favour its origin and propagation is yet to be
completely understood.

29

Figure 2-10: Geology (Soman, 2002) and slope map of Kerala overlaid with the landslides that occurred in 2007
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2.9.

Conclusions

Landslides occur almost every year in Kerala. The physical and climatic setting
of state favours slope instability. Ancient (prior to 19th century) documents suggest
infrequent landslide activity in the past, probably confined to rainfall intensities of
extreme return intervals. Most of the mass movements in Kerala occur on hill slopes
>20o along the Western Ghats scarps, with exception of the coastal cliffs. Shallow
landslides and debris flows are more common than deep seated ones. Debris flows
normally result in the development of new first order streams, opening up of natural
blocked/diverted drainage lines and/or widening of existing lower order streams.
Wayanad and Kozhikode districts located north of Palakkad Gap are more prone to
deep seated landslides, which can be explained by the higher quantities of monsoon
rainfall received in this part of the state. Among the districts south of the Palakkad
Gap, the scarp lands along Idukki and Kottayam are the most susceptible to landslides
in general and debris flows in particular. Almost all mass movements occur during
monsoons (cf. Appendix 1 for dates) leading to suspect that the main triggering
mechanism was rapid reduction in cohesion due to soil saturation (cf. Section 2.8.1)
and pore water pressure fluctuations (cf. Table 2-2).
The state wide landslide inventory prepared in this research suggests that
landslides causing fatalities have increased considerably since 1970s (cf. Figure 2-6).
Published literature shows no significant increase in trends of rainfall characteristics
such as daily, seasonal or annual maximum, average and standard deviation for any
part of Kerala over a long period (1852-2005) (cf. Section 2.4). Thus on contrary to the
common notion prevailing amongst researchers in the region, there was no
observational evidence to support the idea that this apparent increase in fatal
landslides were a consequence of increase in the frequency of extreme rainfall events.
Following the rapid increase in population, the scarp faces of the Western Ghats
experienced severe anthropogenic disturbances, such as deforestation, terracing and
obstruction of ephemeral streams and cultivation of crops lacking capability to add
root cohesion since early 19th century (cf. Section 2.6). This may have accelerated the
processes leading to shallow landslide initiation and thus may be the cause of increase
in fatal landslides. Invariably in most of the failed slopes, natural drainage was blocked
or modified by terracing without adequate provision for surface drainage of excess
storm water during high intensity rains. The losses due to landslides and other hydrometeorological hazards are only to increase if the unsustainable land use practices and
deforestation (currently estimated to be 1.16% of the forest cover every year (Jha et
al., 2000)) is to continue. Unplanned developmental activities like construction of
buildings, abrupt slope cuts for road and building construction, cut and fill structures
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and withdrawal of toe support have also seen to increase the risk to the society from
landslides.
Most of the detailed landslide research in the state were conducted in the
scarp faces of Idukki and Kottayam districts (e.g, (Sajin Kumar, 2005; Sreekumar, 2009;
Thampi et al., 1998; Vijith and Madhu, 2008)), especially in the upper reaches of the
Meenachil river. Unlike many heuristic studies, the data collected by Thampi et al.
(1998) was substantially rich in details. Given the plethora of data available from the
preceding research works, especially soil depth map and soil mechanical properties
data, and the high susceptibility to shallow landslides, the upper Tikoy river basin was
chosen as the study area for detailed research.
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ﻓﻠﻔﻞ ﻧﺒﻴﻦ ﭼﻪ رﻳﺰﻩ ﺑﺸﮑﻦ ﺑﺒﻴﻦ ﭼﻪ ﺗﻴﺰﻩ
An Iranian Proverb4

Based on:
Kuriakose, S.L., van Beek, L.P.H and van Westen, C.J., 2009. Parameterizing a physically
based shallow landslide model in a data poor region. Earth Surface Processes and
Landforms, 34(6): 867-881.

4

A rough translation: “Don’t judge a chilly (read models!) based on its size and appearance”
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3.1.

Introduction

Landsliding is a complex geomorphic process for which it is difficult and
expensive to create laboratory scaled models. Computer models are a viable
alternative to scaled models for landslide studies as they enable cost effective
experimentation and provide the added capability of spatial modelling (Karssenberg,
2002). A review of the theoretical considerations to be addressed while developing
landslide models, the current state of landslide hazard models and classification based
on underlying approaches can be found in Brunsden (1999), Casadei et al., (2003) and
Simoni et al., (2008). Landslide hazard models can broadly be classified as physicallybased, stochastic and heuristic depending on the mathematical approach used.
Physically-based landslide models (Ewen et al., 2000; Rosso et al., 2006) have state
variables with a single value for each moment in space and time. As landslides are
highly random phenomena in space, most physically-based landslide models evaluate
the stochastic component through a sensitivity analysis (van Beek, 2002). Stochastic
models (Arora et al., 2004; Vijith and Madhu, 2008) are those that deal with chances; if
non-spatial, the state variables in the model will be random variables having a certain
probability distribution and if spatial, will be random fields. Heuristic models
(Castellanos Abella and van Westen, 2007; van Westen et al., 2003) relay on expert
opinion and methods for determining the relative importance of various parameters
identified as causative to the occurrence of landslides.
Physically-based landslide models accounts for the transient groundwater
response of the slopes to rainfall which is the most common trigger of shallow
landslides. The transient hydrology component is incorporated assuming a slope
parallel flow either in its steady state as a function of slope and drainage area (called
steady-state models) or by dynamically evaluating the entire process from rainfall to
the transient response of the groundwater (called dynamic models). Dynamic models
are capable to run forward in time, using rules of cause and effect to simulate
temporal changes in the landscape (Karssenberg, 2002). A dynamic landslide hazard
model addresses the spatial and temporal variation of landslide initiation (Brooks et
al., 2004; van Beek and van Asch, 2004) or runout (Cannon and Savage, 1988;
Rickenmann, 2005). Many landslide prone areas of the world lack long term historical
records of the rainfall and corresponding landslide events (Bathurst et al., 2009; Dikau
and Schrott, 1999) which limits the applicability of heuristic and statistical models for
which the predictive quality increases with increasing number of observations (van
Westen et al., 2005). Physically-based models do not necessarily demand such long
term data and are also applicable to areas with incomplete landslide inventories. The
parameters used in such models are most often measurable and are considered as
state variables having a unique value for a given moment in time and space. Most
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physically-based models are dynamic in nature, implying that they run forward (or
backward) in time constantly calculating the values of the state variables based on the
equations incorporated. If implemented in a spatial frame work (a GIS model) such
models are also able to calculate the changes in the values with time for every unit of
analysis (pixel). The results of such models are more concrete and consistent than the
heuristic and statistical models, given the white box approach of describing the
underlying physical processes leading to the phenomena being modelled (Vogel, 1999).
They have a higher predictive capability and are the most suitable for quantitatively
assessing the influence of individual parameters contributing to shallow landslide
initiation. However, it is often more time consuming and resource intensive to derive
the necessary data required for physically-based models. So also, the computational
time needed for physically-based models are often much more than the statistical and
heuristic models.
Although several physically-based models of landslide initiation have been
proposed by researchers, attempts to compare the hazard assessment capability of
these models are lacking. In this research four open access models were assessed in
order to identify the most successful physically-based model capable of evaluating i)
the spatio-temporal probabilities of shallow landslide initiation and ii) the changes that
may come about in these probabilities given future scenarios of environmental change.
The models tested were SHALSTAB (SH) (Dietrich and Montgomery, 1998; Montgomery
and Dietrich, 1994), SINMAP (SM) (Stability INdex MAPping) (Pack et al., 1998), TRIGRS
(TR) (Transient Rainfall Infiltration and Grid based Regional Slope Stability Analysis)
(Baum et al., 2002) and STARWARS+PROBSTAB (SP) (Storage and Redistribution of
Water on Agricultural and Re-vegetated Slopes + Probability of Stability) (van Beek,
2002). The ‘best model’ was further used to evaluate the spatio-temporal probabilities
of shallow landslide initiation in the study area under the near present land use/land
cover scenario, in a data poor environment in Kerala, India.
3.2.

The models

All models compared were developed originally for modelling rainfall induced
shallow landslide initiation and use the infinite slope model with a distributed
hydrological component (Skempton and DeLory, 1957).

FOS =

( cr + cs ) + [cos 2 α {(γ s Z s − γ w Z w ) + γ v }] tan φ
[sin α (γ s Z s + γ v )] cos α

Equation 1
where FOS is the factor of safety, cr and cs are root and soil cohesion, respectively,
Zs is the soil thickness, Zw is the height of the phreatic water table, and γ is the unit
35

The ‘best’ model in a data poor setting

weight of soil (s), water (w) and vegetation (v). Angles α and φ are the slope and
friction angle. Table 3-1 provides the general characteristics of the models. Table 3-2
shows the list of input data necessary for each of them and the respective units of
measurements.
Table 3-1: General characteristics of SINMAP, SHALSTAB, TRIGRS and STARWARS+PROBSTAB
Characteri
STARWARS+
SINMAP
SHALSTAB
TRIGRS
stics
PROBSTAB
University of
California
Utah State
Utrecht
IO
(Berkeley) and
USGS
University
University
Stillwater
Sciences
PE
ArcView
Fortran
PCRaster
TC
Static
Static
Dynamic
Dynamic
D
1D
1D
2D+1D
2.5D+1D
Infinite Slope
Model proposed
Modified Infinite
Modified Infinite
Reduced Infinite
ISM
by Skempton
Slope Model
Slope Model
Slope Model
and DeLory
(1957)
Water Level,
effective degree
Modified
Modified
Infiltration,
of saturation,
Wetness Index
Wetness Index
runoff, Pressure
HC
runoff, Bed rock
(Beven and
(Beven and
head at failure
storage, Fissure
Kirkby, 1979)
Kirkby, 1979)
plain
flow (not used
in this study)
Capable (not
Capable (not
SPC
Incapable
Fully capable
recommended)
recommended)
NI
7
6
12
24
IO: Institute of Origin; PE: Programme Environment; TC: Temporal Component; D: Dimension; ISM:
Infinite Slope Model; HC: Hydrological Component; SPC: Spatial Parameterization Capability; NI: Number
of Inputs (cf. Table 3-2)

3.2.1.

SINMAP and SHALSTAB

In SM and SH the depth of the phreatic layer is calculated using Equation 2
which describes a slope parallel seepage (Dietrich and Montgomery, 1998).

Zw = Zs

R a
T b sin α

Equation 2
where R is the recharge (which is often a given steady-state rainfall), T is depth
integrated soil transmissivity i.e. hydraulic conductivity (ksat) times soil thickness
perpendicular to slope (h = Zscosα), a is the upslope area per unit contour length and b
is the flow length (Beven and Kirkby, 1979).
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SM use a reduced form of Equation 1 developed by Hammond et al., (1992) in
which cr and cs are combined to form a dimensionless cohesion parameter, c which is
calculated as cr+cs/hγs. It has the ability to incorporate spatial variations in the soil
properties based on maps having discrete boundaries such as hydrological response
units, soil types, land use etc., though this is not recommended by the model builders
unless parameters such as root cohesion are explicitly accounted for. The model is
conceptualised in a probabilistic framework such that all variables except the slope
derived from the DTM input are assumed to be uncertain and so are specified by upper
and lower limits.

FOS =

R a
,1) r ] tan φ
T sin α
sin α

c + cos α [1 − min(

Equation 3
The primary results of both the models are maps of varying susceptibility to
slope instability expressed as a stability index (SI). The SI is defined as the probability
that a location is stable assuming a uniform distribution of the soil parameters. The
Stability Index (SI) of SM is based on values of FOS ranging from 0 to >1.5. The SI values
are divided into 6 classes. The selection of breakpoints (1.5, 1.25, 1, 0.5, 0.0) for
defining these classes is subjective. Classes 1-3 are for regions that according to the
model should not fail with the most conservative parameters in the specified range;
these areas have SI > 1.5 and FOS > 1.0. The SI for these cases is the factor of safety
that gives a measure of the magnitude of destabilizing factors required for instability.
For classes 4-5, the calculated FOS is < 1.0, yet the probability of failure is less than and
greater than 50%, respectively. These two classes define a lower and upper limit for
ground failure and have SI values 1.0-1.5 and 0-1.0, respectively. External factors are
not required to induce instability in these regions. Instability may arise simply due to a
combination of parameter values within the bounds with which uncertainty and
variability can be quantified. Class 6 is unconditionally unstable (designated as
defended in SM) meaning that the probability of failure within the specified range of
parameters is greatest (assumed >90% probability). In this case, FOS is < 1.0 and SI = 0.
In such areas slopes are unstable for any parameters within the specified parameter
ranges. Where such slopes exist, something other than the modelled parameters is
holding the slope in place, or the model is inappropriate, as in the case of bedrock
outcrops (Pack et al., 1998).
The version of SH used for this study was the SHALSTAB.C which accounts for
soil cohesion (Montgomery et al., 1998). The model assumes Zs, φ, γs and c' (which is
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cr+cs) as constant for the entire area modelled. The SI in SH is defined as the R/T ratio
needed to trigger a shallow landslide (Equation 4).

ρ ⎛ tanα ⎞⎤
R sinα ⎡
c'
=
+ s ⎜⎜1 −
⎟⎥
⎢
2
T (a / b) ⎣ γ w Z s cos α tanφ ρ w ⎝ tanφ ⎟⎠⎦
Equation 4
where ρ is the saturated bulk density of soil (s) and water (w) respectively.
The SI varies continuously between two limits, namely ‘stable’ and ‘chronic
instability’. The limit defined as ‘stable’ is common for flat terrains, whereas the
‘chronic instability’ limit characterizes rocky outcrops and cliffs (Carrara et al., 2008).
Both the models are built as extensions of ArcView® and ArcGIS®. The models
are incapable of calculating the temporal probabilities of failure, though SM argues to
have incorporated the temporal variability by accounting for the parameter ranges
using a uniform probability distribution functions. These graphical outputs plot
conditions of SI > 1 (FOSmin > 1), 0 < SI < 1 and SI = 0 (FOSmax < 1) in a space defined as
specific catchment area (a/b) vs hill slope gradient (tanα) of each pixel over which the
known landslide points can be plotted. The FOSmax is the worst case scenario when c
and tanα are at the lowest applicable values and R/T at the highest possible while
FOSmin is the most stable condition when c and tanα are at the highest applicable
values and R/T at the lowest applicable. This graph helps in assessing the validity of the
model as one would expect most of the pixels where instability is a consequence of
pore water pressure variations to be closer to the unconditionally unstable limit,
without being on or crossing the threshold. The models were applied on the study area
DTM (20 m by 20m) with the default parametric values and with the measured
parametric values (cf. Table 3-2). The default parametric values are provided as it is by
the model interface (cf. Table 3-2).
3.2.2.

TRIGRS

TR combines an infinite-slope-stability calculation and an analytic, onedimensional solution for pore water pressure diffusion in a soil layer of finite depth in
response to time-varying rainfall (Equation 5) (Baum et al., 2005).

FOS =

tan φ c − ϕ ( Z , t )γ w tan φ
+
tan α
γ s Z sin α cos α
Equation 5

where, ϕ is ground-water pressure head, t is time, Z is h/cosα, where Z is the
vertical coordinate direction and h is the slope-normal coordinate direction. The first
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term of Equation 5 adds additional resistance for the unsaturated soil. The solution for
ϕ is a combination of infiltration, subsurface flow of storm water and routing of runoff
based on the model presented by Iverson (2000). The original equation presented by
Iverson (2000) as a solution to the Richard’s equation was modified (Equation 5) by
Baum et al. (2002) to include a finite impermeable basal boundary. In addition, the
TRIGRS model also imposes an additional limitation that ϕ under downward gravitydriven flow cannot exceed that which would result from having the water table at the
ground surface. This solution is more appropriate for shallow landslides than the
original Iverson’s solution as it allows evaluating the development of perched water
table in shallow homogenous soils underlain by an impermeable bed rock (Chien-Yuan
et al., 2005; Godt et al., 2008; Salciarini et al., 2008).
The routing of the runoff is based on a topographic index. The index is a
combination of three parameter grids derived from the DTM: the rank of grid cells in
order from highest to lowest elevation, cell numbers indicating the neighbouring cell
on the steepest downslope path and the weights that determine the proportion of
runoff to be transferred to each neighbouring downslope cell. This model is known to
be highly sensitive to the initial conditions, especially the initial value of the phreatic
water level. The outputs of the model are the minimum factor of safety reported at
each pixel at the end of the simulation and the pressure head at maximum depth for
each time step. A detailed description of the equations used in TR can be found in
Baum et al. (2002).
3.2.3.

STARWARS+PROBSTAB

The STARWARS+PROBSTAB (SP) model was developed by van Beek (2002).
They comprise a distributed dynamic hydrological model (STARWARS) that is coupled
to a stability model (PROBSTAB). The dynamic spatial outputs of the hydrological
model are the inputs for the slope stability model. An added advantage of the models
was that its open architecture allows modification of the model script and thereby
enables different parameterizations appropriate for the study area. The model is
embedded in PCRaster, a GIS with an advanced Environmental Modelling Language
(www.pcraster.nl).
STARWARS was originally designed to evaluate the effects of vegetation on
hillslope hydrology in SE Spain. Soil hydrological properties can be assigned to specific
land use types and the model includes the processes of interception and
evapotranspiration. The amount of actual evapotranspiration was scaled to the
available storage and FAO crop factors (Doorenbos and Pruitt, 1977). It contains a
detailed description of the unsaturated zone that is present in the soil mantle over a
semi-impervious lithic contact, which in this case is the Charnockite substratum. The
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soil profile was subdivided into three layers that can be interpreted as the A (30 cm), B
(50 cm) and C (remainder up to the bed rock) horizons. Percolation of soil moisture is
driven by gravity and depends on the unsaturated hydraulic conductivity which was
prescribed by the soil water retention curve of Farrel and Larson (1972) and the
unsaturated hydraulic conductivity relationship of Millington and Quirk (1959). At the
lower end of the soil mantle, the percolation into the underlying bedrock is impeded
and a perched water table may form. The resulting perched water table will drain
laterally according to the gradient of the phreatic surface. All unsaturated fluxes are
considered to be vertical only.
PROBSTAB was based explicitly on the infinite slope model (Equation 1) and as
such was valid for translational slides (Skempton and DeLory, 1957). This was
consistent with the type of failures in the study area. The PROBSTAB calculates the
Factor of Safety for the entire soil column (F), and if required the depth of failure (ZF),
based on the daily variation of water level and volumetric moisture content, which are
the outputs of STARWARS. In addition, PROBSTAB uses the matric suction to calculate
the unsaturated shear strength when a perched water table is absent using Fredlund’s
(1987) equation and it includes the mechanical effects of root reinforcement and
surcharge on slope stability. Hence the calculated stability varies on a day-to-day basis
with the hydrological input. The model was also capable of calculating the probability
of failure (PF). Probability of failure was obtained using the first-order second moment
(FOSM) approach (Ang and Tang, 1984) which takes into account the uncertainty in the
estimation of the root reinforcement, soil shear strength parameters, soil depth and
slope angle.
Owing to the data poor situation some modifications were made to
STARWARS and PROBSTAB. For example, the PROBSTAB was modified to account for
root-induced cohesion and surcharge that were not originally included by van Beek
(2002). Reference potential evapotranspiration (ETo) was calculated outside the
STARWARS using Hargreave’s equation (Hargreaves and Samani, 1982) which is less
data demanding than the Penman-Monteith equation (Allen et al., 1998) originally
used in the model. Interception was computed by means of “Aston’s (1979) equation”,
and throughfall and evapotranspiration of the canopy storage was also addressed
outside the model.
3.3.

Definition of Success

Three aspects of the models were compared they being: capability for spatial
parameterization, how many of the known landslide locations were predicted as failed
(FOS<1) by the models and what is the total area predicted as unstable (FOS<1), as
against the actually known landslide area. The ‘best’ model was defined as the one
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that was capable of predicting only the known landslide pixels (and hence the
corresponding actual area) with FOS<1.
The models were different in their hydrology component; SM and SH uses a
steady state distributed hydrology component while TR and SP use a distributed
dynamic hydrology component. Hence the results from those with the static hydrologic
component were compared to one another independent of those with a dynamic
hydrology component. No calibration was attempted at the stage when the models
were being compared for their relative performance. An incomplete landslide
inventory was used for the validation without considering the temporal component.
Each model had different data requirements (cf. Table 3-2). Hence model
performance needs to be evaluated with reference to the number of input parameters
that are necessary to achieve the desired quality. This cost-benefit analysis can be
conducted by keeping the extreme-case scenarios as the bottom line of performance
and quantifying the relative improvement that each model was capable of achieving
given the increasing complexity. For this purpose, four extreme-case scenarios were
computed in ILWIS (www.ilwis.org) using Equation 1, namely:
•

Keeping the slope under complete saturation and considering only the soil
cohesion

•

Keeping the slope under complete saturation and considering both soil and
root cohesion and

•

Keeping the slope completely dry and considering only soil cohesion

•

Keeping the slope completely dry and considering both soil and root cohesion
Once the ‘best’ model was identified, a minimal calibration and validation as
performed with limited data pertaining to ground water fluctuations and the
incomplete landslide inventory.
3.4.

Study Area

The comparison of models was carried out based on data pertaining to the
Aruvikkal catchment, a 9.35 km2 sub-basin of the Tikoy River, a tributary of the
Meenachil River. The sensitivity and performance of the “most successful” model in a
data poor environment was further evaluated on a regional scale based on data
pertaining to the upper Tikoy river basin (Figure 3-1 and Figure 3-2). This basin covers
55.6 km2 in the centre of the southern segment of the Western Ghats (Spate et al.,
1967). The basin was defined with the outlet at Tikoy Bridge which is the confluence of
Tikovil Ar• and Chatta Puzha.

•

Ar – Malayalam word for stream; Puzha – Malayalam word for river
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Figure 3-1: The study area – upper Tikoy river basin and its sub-catchment, the Aruvikkal
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Figure 3-2: Perspective view of upper Tikoy river basin showing the major landmarks. Prepared using 10 m DSM derived
from CARTOSAT 1 stereo pair acquired on 18 November 2007 draped with SPOT MS (2008) natural colour composite
(Courtesy Google Earth®)
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Figure 3-3: Perspective view of Aruvikkal catchment (in red) showing the major landmarks (in yellow) and the stream
network (in black). Prepared from aforesaid DSM draped with the A image of the stereo pair

The ‘best’ model in a data poor setting
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Figure 3-4: a) Soil types based on NBSS&LUP (1999) and soil sampling locations of Chandrakaran et al. (1995), b) Soil depth based
on Thampi et al. (1998)
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The basin is administratively part of Kottayam and Idukki districts. The
Peerimed plateau, a peneplanation surface (Soman, 2002), forms an escarpment all
along the eastern border of the area. As per the physiographic classification of Kerala,
the study area has highlands, comprising within it the plateau, its steep plateau
margins, midlands and lowlands, with elevation ranging from 1195 to 40 m. Five major
soil associations cover majority of the study area (Figure 3-4a). Geotechnical survey at
12 locations revealed that the area has shallow (Figure 3-4b) sandy soils (cf. Figure 2-3)
with low cohesion (cf. Appendix 3) resting over hard crystalline Precambrian
Charnockites
(Chandrakaran et
al.,
1995).
Temperature of
the
area
fluctuates
between 16°C to
36.5°C annually.
The area follows
the
overall
temporal
distribution of
rainfall in the
state, with two
monsoons
following the PM
season.
The
average annual
rainfall over the
period
19522009 as recorded
Figure 3-5: Land use/land cover map overlaid by the landslide
at
Pullikanam
inventory
Tea Estate (cf.
Figure 3-1) was 518.1 cm, which was seasonally distributed as follows: South West
Monsoon (SWM) rainfall – 369.3 cm, North East Monsoon (NEM) rainfall – 83 cm, PreMonsoon (PM) rainfall – 65.8 cm. Widespread deforestation of the region started in
the late 1880s (Victor, 1962). In-sloping terraces bounded with stone-packed earthen
walls are constructed across the slope direction (at least every 2 m contour interval)
for planting rubber (cf. Figure 2-5). A land use/land cover map of upper Tikoy basin
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(Figure 3-5) prepared by Thampi et al. (1998) showed that 55% (31.13 km2) of the area
was occupied by rubber plantations.
Apart from rubber other main land cover types are wild grasslands (8.23 km2,
14%), degraded forest (4.55 km2, 8%), grazing pastures (4.04 km2, 7%), tea plantations
(3.29 km2, 5%), mixed crops (1.5 km2, 2%) and rock outcrops (3.08 km2, 5%). Rubber
has a crop life of ~20 years. As plantations pass their optimal crop life, they are felled,
exposing the soil. Thus, although the map of the region represents the land use
adequately the actual surface conditions will be unknown at a given instance as a plot
may be bare for several years every two decades when the replanted rubber trees are
growing and it is in such bare periods that the slopes are suspected to be more prone
to failure. Though approximate locations of past landslides were known (cf. Figure 3-5),
the date and time of occurrence of most of these events was unknown. Hence an
attempt was made to compile a near complete landslide inventory which contains the
actual date of occurrence of as many landslides in the study area as possible. This data
was crucial for the calibration and validation of the ‘best’ model.
3.5.

The Data

All datasets were prepared for the upper Tikoy river basin. For the purpose of
comparing the models, the data pertaining to the Aruvikkal catchment (Figure 3-1 and
Figure 3-3) was clipped from this. Data were lacking for most of the parameters at the
start of the research. Therefore it was decided to evaluate the scope of parameterizing
the models using maps, satellite data, pedo-transfer functions and literature derived
values to arrive at estimates of the necessary parameters at the field scale. Lack of
historical data implied that all parameters except the climatic variables had to be
assumed as constant throughout the model simulation period. This resulted in ignoring
the crop cycle of the rubber plantations that may have occurred during the model
simulation period.
The data available were daily rainfall, crop factors, potential
evapotranspiration, MODIS NDVI 16 day composites, soil types, soil properties, contour
map from a topographic sheet, soil depth, root cohesion, land use/land cover and a
landslide inventory containing only the date and the location of events. All spatial data
had a resolution of 20 m by 20 m. Table 3-2 provides the list of necessary data for each
model and the methods utilized to obtain them for the present research. Some of the
most crucial data preparation is discussed below.
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Table 3-2: Input data used for SINMAP, SHALSTAB, TRIGRS and STARWARS+PROBSTAB

The ‘best’ model in a data poor setting

48

Table 3-2

Chapter 3

49

Table 3-2

The ‘best’ model in a data poor setting

50

Chapter 3

3.5.1.

Climatic Parameters

As landslide initiation in the region is assumed to be driven by a sharp rise in
the pore water pressure following net precipitation input (Basak and Narasimha
Prasad, 1989), evapotranspiration and rainfall data with fine temporal resolution
(minutes to hours) was required. However, only coarse temporal resolution (days to
seasonal totals) climatic data was available from three different sources (RRII, KM and
PTE; Table 3-2). These data sets were not continuous for the entire modelling period
(1990-2005).
For the period 1990 to 1998 we relied on synthetic rainfall which was
generated by redistributing available seasonal totals proportionally to the daily rainfall
totals of 1999-2002, with normal and leap years being treated separately. The partial
record of daily rainfall of 2002 was completed with the daily rainfall from 1 January to
31 May 2002 available from RRII (cf. Table 3-2). Daily rainfall data was available for the
first 10 months of the calendar year 2005 constituting the calibration period. Daily
averages of the available records were used to fill the gap from November 2005 to
May 2006. Thus, a complete record of daily rainfall from 1990 to 2005 was
constructed. These records were organized per hydrological year, commencing with
the season of soil moisture recharge, and concluding with the completion of the
season of maximum evapotranspiration (Glickman, 2000). The hydrological year in
Kerala starts on 1 June (± 8-9 days), and runs to 31 May of the subsequent calendar
year (Fasullo and Webster, 2002).
Solar radiation and temperature values were available from RRII for a period
from 2002-2005. Daily Reference evapotranspiration (ETo) values were computed from
these data and used for the entire modelling period (1990-2006) assuming that
evapotranspiration on a wet day is negligible given the monsoonal climate and
cloudiness of the region. ETo was at its maximum from December to April. The average
annual ETo of the region as per the data from RRII was ~1600 mm.
3.5.2.

Interception and Evapotranspiration

The land use/land cover map (Thampi et al., 1998) was one of the
fundamental inputs for the modelling, specifying interception and evapotranspiration
losses as well as the distribution of root cohesion and permeability amongst others. In
order to assess the applicability of the available land use/land cover map (cf. Figure
3-5) to the calibration year, 25 random locations covering the entire study area were
selected. Out of the 25 points, 21 had the same land use/land cover as that of the
mapped land use/land cover, while 4 disagreed, due to crop rotation in rubber
plantations and conversion to built-up area. Interception was computed with Aston’s
equation (Equation 6) using satellite data (MODIS NDVI 16 day composites) for 2000
51

The ‘best’ model in a data poor setting

and 2001, daily precipitation for the respective years and the crop factors of the land
use/land cover.
P
⎛
− k cum
⎜
S = f c S max ⎜1 − exp S max
⎜
⎝

⎞
⎟
⎟⎟
⎠

Equation 6
where, S is the interception (in mm), fc is the fractional vegetation cover
(dimensionless), Smax the maximum canopy storage (mm), -k the correction factor for
vegetation density, and Pcum the cumulative rainfall (mm).
The MODIS NDVI was used to compute fractional vegetation cover based on
the method suggested by Choudhury et al. (1994) and Gillies and Carlson (1995) from
which leaf area index was derived using the equation proposed by Campbell and
Norman (1998). The extinction factor, k, of Aston’s equation was computed as
0.046*LAI. Maximum canopy storage was computed from LAI using the equation
proposed by Von Hoyningen-Huene (1981) (Equation 7).

Smax = 0.935+ 0.498LAI − 0.00575LAI 2
Equation 7
Given the monthly values of fractional vegetation cover, canopy storage and
extinction factor, daily interception was computed from daily cumulative rainfall data
using a model created in PCRaster. By using this method interception could be
quantified for each day in the original grid resolution of 250 m x 250 m, which was
resampled (nearest neighbour method) to the model resolution of 20 m. The
resampling was done for compatibility with other datasets and thus it did not improve
(or degrade) the overall estimate of interception based on the original grid resolution
of the MODIS NDVI data. The advantage of this parameterization was that it is
continuous in time and space (van Westen et al., 2008). Thus it enables to overcome
the generalization of using individual parameters linked to land use/land cover maps
with sharp class boundaries. It was observed that interception is highly sensitive to
fractional vegetation cover of the area. A detailed description of the methods and the
sensitivity analysis is available in Kuriakose et al. (2006).
All remaining (non-intercepted) rainfall was assumed to be reaching the
surface while any canopy storage was made available for evapotranspiration. ETo was
adjusted to crop-specific ETo using crop factors of the respective land use types. All ETo
exceeding the available canopy storage in a given day was assumed to be the fraction
of ETo that is to occur from the soil (FPET). Thus the outputs of this model were the
daily effective rainfall and the FPET. These results were used as dynamic inputs for
STARWARS. Within STARWARS, evapotranspiration occurs at the actual rates (which is
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FPET adjusted to crop-specific FPET) when the soil is close to saturation; else FPET was
scaled down linearly depending on the soil moisture content in a given time step.
3.5.3.

Topographical and pedological data

A contour map with 20 m equidistance was used to generate a digital
elevation model with a horizontal resolution of 20 m. The soil depth map available
from Thampi et al. (1998) was prepared from interpolated field measurements
adjusted to topographic conditions and aggregated as discrete polygons with soil
depth class intervals of 0.25 m (cf. Figure 3-4b). For the modelling each polygon was
assigned the upper limit of the respective class boundary. Its’ accuracy was assessed at
the same 25 points used for the verification of the land use map; the soil depth at 15
points differed from the prescribed values by less than 0.25 m, while 10 showed an
error of 0.5 m or more.
For the SP model, soil profile in a grid was schematised as three or two layers
depending on the soil depth in that grid. A three layer schema constituted 30%, 50%
and 20 to 5% of the soil depth to bedrock. A two layer schema was adopted, if the third
layer derived in a pixel was <5% of the total soil depth. These schematisations were
arbitrary as no depth wise information was available for any of the soil properties.
Laboratory measurements of the geotechnical properties of soils available at the 12
sampling points (cf. Figure 3-4a) which were assigned to the respective soil type
polygons. Given the scarcity of data, uniform values of cohesion, angle of internal
friction and bulk unit weight were assigned to each unit.
Table 3-3: Textural, hydrological and mechanical properties of soil in the upper Tikoy river basin
(cf. Figure 3-4a for the Soil Type Map)
Soil Type
Parameters
1
2
3
4
5
Sand %
40
50
40
40
50
Silt %

20

15

20

25

20

Clay %

40

35

40

35

40

Bulk unit weight [kN/m3]

13.0

16.3

15.9

16.4

14.7

Porosity (n) [m3/m3]

0.5

0.4

0.4

0.4

0.4

SWRC Slope (α) [-]

9.1

11.0

10.7

10.4

9.7

Air Entry Value (hA) [m]

0.06

Soil cohesion (MPa)

0.002

0.04

0.001

0.001

0.002

Angle of Internal Friction (°)

25.0

33.7

39.9

39.2

31.0

ksat Layer 1 (m/day)

0.7

0.3

0.4

0.3

0.5

ksat Layer 2 (m/day)

0.2

0.09

0.1

0.08

0.2

ksat Layer 3 (m/day)

0.013

0.006

0.009

0.005

0.010
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No information on soil hydrological properties was available. Saturated
hydraulic conductivity (ksat) of individual soil units were derived by means of the
pedotransfer functions in the ROSETTA (Schaap, 1999) package using textural
properties and bulk density. ROSETTA implements five hierarchical transfer functions
(PTFs) for the estimation of water retention, and the saturated and unsaturated
hydraulic conductivity (Schaap et al., 2001). The models allows the estimation of van
Genuchten water retention parameters (van Genuchten, 1980) and the saturated
hydraulic conductivity using soil texture, bulk density and/or one of two water
retention points. Parameters of the van Genuchten soil water retention parameters
were obtained with ROSETTA and used to fit the Farrel and Larson (1972) soil water
retention curve parameters, they being, slope of the soil water retention curve (α) and
air entry value (hA). Porosity (n) was derived as the complement of volume taken up by
solids using dry bulk density and mean particle density (2.7 gm/cm3). Table 3-3 shows
soil textural, hydrological and mechanical properties as applied to each soil type (cf.
Figure 3-4a).
For the use in SP, the soil hydrological properties (Table 3-2 and Table 3-3)
were linked to the five soil types and seven land cover classes, yielding a cross-table of
35 combinations. For each of the combined classes, the parameters, ksat, n, hA and
α were specified for the (two or) three soil layers (Table 3-3), although a vertical
stratification was assumed only for the estimated ksat, the others remaining constant
with depth. The calculated value of ksat was assigned to the third layer and increased
exponentially so that the uppermost layer had a 50% higher ksat. This was done based
on the assumption that the saturated hydraulic conductivity increased towards the
surface as a result of biological activity. Although this increase was plausible and
evident in the field, this parameterization was based solely on expert judgement and
had no observational backing.
3.5.4.

Root reinforcement and surcharge

Root reinforcement was calculated using the conceptual relationship
suggested by Schmidt et al. (2001) based on the evidence of landslide activity in
Oregon following earlier works by Waldron (1977) and Wu et al., (1979) (Equation 8).
n

Cr = a

⎛ Ari ⎞

∑T ⎜⎜⎝ A ⎟⎟⎠
ri

i =1

s

Equation 8
where, Cr is the root-induced cohesion for a given species, Tri is the tensile
strength of an individual root for a given type of vegetation, Ari/As is the proportion of
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root cross sectional area to soil cross sectional area, and a the mobilised tensile
resistance in root fibres (Equation 9), which is:
a = cos χ tan φ + sin χ

Equation 9
in which φ is the angle of internal friction of the soil and χ is the angle of shear
of the roots.
The value of α as established by Wu et al., (1979) was 1.2 for 25° < φ < 45°
and 40° < α < 70°. As the φ values of the study area were comparable (cf. Table 3-3)
with that for which Wu et al. (1979) estimated the value of a, this value was assumed
to be applicable for computing the Cr in the study area. The Tri of roots with various
diameters from a 23 year old rubber tree was measured using a universal testing
machine generally used for testing the tensile strength of fibres and a regression
relationship was derived between the root tensile strength and root diameter. Only 15
root samples with a diameter of >8 mm were tested, given the limitation of root
breaking due to clamping. All root samples were ~15 cm long. Both ends of each
sample were covered with thin cotton cloth to ensure necessary grip during the test.
Figure 3-6 shows this regression relationship, which had the form,

Tri = 8 .5148 e −0.0143 x
Equation 10
where, x is the root diameter.

Tensile Strength (MPa)

7.65
y = 8.5185e-0.014x
R² = 0.9

7.6
7.55
7.5
7.45
7.4
7.35
7.5

8

8.5

9

9.5

10

10.5

Root Diameter (mm)
Figure 3-6: Relationship between root tensile strength and root diameter

Average root count in a rubber plantation was worked out based on root
counting in 1 m2 pits extending to the bedrock and literature derived values (Srinivasan
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et al., 2004) for soil depths varying from 0.25 to 5 m in a class interval of 0.25 m. Root
count for a given soil depth class is the average number of roots on all sides of the pit
within that soil class. The root count at the bottom of the pit was also used to calculate
the average root count of the deepest soil depth class in a pit. Thus the average root
count distribution represents the depth averaged lateral and basal root count with
respect to soil depth. The root area was calculated assuming an average root diameter
of 5 mm and the number of roots in each soil depth class. The average value of
diameter was based on the findings of Srinivasan et al. (2004) who observed that
‘~80% of roots found in any depth in a rubber plantation is less than 2.5 mm in
diameter’. Tri of a 5 mm root was calculated as 7.9 MPa from Equation 10. This value
was an underestimate compared with the value (12.5 MPa) measured by Nilaweer and
Nutalaya (1999) for rubber plants in Thailand.
From the calculated values of Ari/As and tensile strength, Cr at various soil
depths were derived. The derived relationship between root count and soil depth in
the rubber grown area was applied to other land use types with a reduced arbitrary
root count distribution, except for rocks where no root cohesion was applied. Cr is
significant only if rubber roots can reinforce the soil by anchoring to the bedrock. Here,
it is assumed that all rubber trees have roots that penetrate the bedrock and that
these roots fail due to tension, prior to complete slope failure. However, field
observations in the rubber plantations revealed that not all rubber trees had roots
penetrating bedrock fissures whereas it can be expected that some penetrating roots
might fail by pull-out rather than breakage at lower loads. Hence, the applied Cr should
be considered as an upper limit to the available strength.
The weight of an individual fully grown rubber tree was estimated to be about
550 kg based on information from planters. On average 20 trees are planted within a
400 m2 area (the size of a pixel of 20 by 20 m used in the research), resulting in a stress
of 27.5 kg/m2 or 0.0003 MPa. Root cohesion and surcharge variations with respect to
the age of the tree were ignored.
3.5.5.

The landslide inventory of upper Tikoy river basin

The oldest known landslide event in the study area occurred on 4th October
1882 near Meladukkam (Souvenir Committee, 1982). A partial landslide inventory of
upper Tikoy river basin created by Thampi et al. (1998) contained 33 landslides, the
locations of which were updated during the field survey. This inventory was updated
with temporal data derived from news paper reports, village administration records,
interview with local residents and the data base prepared by Vijith and Madhu (2008).
Almost every year the area experiences numerous debris flows during the monsoon
seasons. Hence, local residents were unable to tag a precise date to events that
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occurred in the distant past. The date of occurrence information was extracted from
the governmental crop loss compensation records.
Often the same stream may experience multiple events during the same
monsoon season, although the initiation zone may be different for each event.
However, this information could not be extracted from the compensation records as
farmers register only the date of the event that caused maximum damage to the
property. Evidences of past landslide events and rock falls were noticeable in the
region but were not discernable from any satellite imagery. The vegetation
regeneration in the region is very rapid that in less than few months the source and
transport zones become completely unnoticeable. This limits the use of aerial photos
(no recent high resolution photos are available) or satellite images for mapping the
landslides except in very few cases that were noticed outside the upper Tikoy river
basin. A total of 31 landslides were additionally mapped. Table 3-4 provides the
statistics of the distribution of landslides in the river basin and its sub-catchment, the
Aruvikkal.
Table 3-4: Land use-wise and year-wise distribution of landslides in the upper Tikoy river basin
and its sub-catchment, the Aruvikkal
Number of Events
Land use
In upper Tikoy river basin
In Aruvikkal catchment
Rubber
47
26
Mixed Crops
3
Forest Degraded
4
1
Grassland
2
Grass and Rock
8
6
Rock
Tea
Total
64
33
Date
In upper Tikoy river basin
In Aruvikkal catchment
25 June 1985
1
1
2 Sep 1988
1
1
3 Nov1990
1
1
27 Jul 1992
2
2
6 Oct 1993
33
8
8 Nov 1997
2
2
24 May 1999
1
1
24 Aug 2000
1
1
8 Jul 2001
11
5
3 Oct 2004
3
3
23 Oct 2005
4
4
22 Jun 2007
4
4
Total
64
33
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Figure 3-5 shows the land use wise distribution of landslides in the upper
Tikoy river basin. In addition to this inventory, local inhabitants also narrated of the
occurrence of a number of shallow landslides in the year 1956 for which no location
information was available. The mapped landslides were mostly shallow translational
ones which caused debris flows. Almost all the mapped events had their origin at
altitudes >200 m a.s.l., and on slopes >25°. The plane of failure was often the contact
between the soil and the bedrock.
3.6.

The ‘best’ model

Figure 3-7 shows the four extreme-case scenarios. Table 3-5 shows the area
statistics and the number of landslide locations for which the calculated FOS was <1. It
was evident from the completely dry condition simulations that some parts of the area
were inherently unstable. Although this was in reality partly true, there was an effect
of grid resolution evident in the results. Total area with FOS<1 was grossly
overestimated by all the models.
Two scenarios were simulated using SM and SH, one with the default inputs
as provided by the model interface and the other with the measured/derived inputs
(cf. Table 3-2a, b). The two scenarios could be considered as proxies to understand the
sensitivity of the model as one can visualize the relative change in the outputs with
reference to the relative change in inputs. Figure 3-8 (SINMAP) and Figure 3-9 shows
the results of these two scenarios from SM.
Table 3-5: Comparison of failure statistics (FOS<1); predicted against actual failure and the
extreme case scenarios
Actual Failure
Area of failure (A)*
0.0132 km2
No. of landslides (NS)
33
FOS<1 (Cs)
FOS<1 (Cs+Cr)
Extreme case scenarios
NS
A (km2)
NS
A (km2)
Completely dry
12
1.01
2
0.12
Completely saturated
28
5.06
7
0.63
Predictions by the models
FOS<1 [SM & SH (DP); SP & TR (Cs)]
FOS<1 (Cs+Cr)
SM: SINMAP
33
4.8
32
3.2
SH: SHALSTAB
33
4.7
27
3.4
TR: TRIGRS
23
6.1
14
2.1
SP: STARWARS+PROBSTAB
15
3.5
6
1.4
*Assuming that a whole pixel of 20 m by 20 m failed in each landslide; DP: Default parameters; NS:
Number of slides; A: Area; Cs: Soil cohesion; Cr: Root cohesion. Extreme case scenarios were derived using
Equation 1 in ILWIS (cf. Section 3.3).

The model (with measured inputs including root cohesion) predicted 3.2 km2
(33.7%) of the area and 32 landslide locations as failed (limited to Lower Threshold).
With the default values, the results were 4.8 km2 (50.5%) and all landslides
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respectively. The measured Cs was lower compared to the default Cs (cf. Table 3-2),
despite this the model improved in predictions (cf. Table 3-5). The improvement in
predictions using
the
measured
values can be
attributed more
to the low T/R
ratio than to φ
(especially given
the steep slopes),
as it was known
that the SM is
less sensitive to
friction
angle
compared
to
other parameters
(Deb and El-Kadi,
2009; Morrissey
et al., 2001). A
low T/R ratio
indicates
that
high
rainfall
intensities
are
required
to
saturate
the
slopes (Dietrich
et al., 1998). This
Figure 3-7: Extreme case scenarios used as the bench mark for
was in line with
evaluating the cost effectiveness of SINMAP, SHALSTAB, TRIGRS and
an
earlier
STARWARS+PROBSTAB
assessment from
the region using STARWARS+PROBSTAB that ‘there exists an evident congruence
between prolonged and high intensity rainfall leading to the persistence of critical pore
water pressure conditions and the occurrence of shallow landslides’ (Kuriakose, 2006).
Figure 3-8 (SHALSTAB) and Figure 3-10 shows the results from SH. The model
(with measured inputs) predicted 3.4 km2 (35.8%) and 27 landslide locations as failed
(limited to log(q/t) = -2.5), considering root cohesion; with the default inputs, the
results were 4.7 km2 (49.5%) and 33 respectively. These results are an improvement
compared to that from SM which may be attributed to the difference in the
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implementation of the factor of safety equation (Equation 4) in SH. Unlike SM the soil
depth (regolith depth) and cohesion are explicitly incorporated in SH.

Figure 3-8: Susceptibility to failure predicted by SHALSTAB and SINMAP overlaid
with the landslide inventory. Default: Default parameter values of the respective
software and Real: Realistic parameter values including root cohesion effects (cf.
Table 3-2)

The model was less sensitive to φ and highly sensitive to other parameters as
it was evident from the comparison of the results using default and measured values.
Figure 3-10 indicates that areas with >41° slopes are unconditionally unstable, while
those with slopes between 26° and 41° are susceptible to failure. This lower limit of
instability (26°) was in disagreement with earlier research works in the region which
concluded that slopes greater than 20° are susceptible to failure when exposed to
prolonged and high intensity rainfall (Basak and Narasimha Prasad, 1989; Sreekumar,
2009; Vijith and Madhu, 2008).
The landslide locations predicted as failed have experienced a log(q/T) of ≤ 2.5. This also concurs to the previously stated finding from the region that a prolonged
and high intensity rainfall was necessary to initiate shallow landslides in the region.
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However, it must not be overlooked that both the models overestimated the total area
with FOS<1 which was mainly due to the low resolution (20 m) DTM.
The SP was applied using the daily rainfall time series from 1995 to 2002,
while TRIGRS was applied by
assuming the daily rainfall of the
period as the 24 hr rainfall
intensity. Two scenarios were
assessed, one without root
cohesion as a parameter and the
other with root cohesion as a
parameter. The model was made
to report the minimum factor of
safety calculated at every pixel
during the whole period of
simulation. Figure 3-11 shows the
minimum factor of safety
(without and with root cohesion)
predicted by SP and TR. The SP
predicted 1.4 km2 (14.7%) of the
area and 6 of the 33 landslide
locations as failed (FOS<1)
considering root cohesion. The TR
predicted 2.1 km2 (22.1%) of the
Figure 3-9: Graphical representation of the
prediction of susceptibility to failure by SINMAP
area and 14 locations as failed
(Triangles are landslide locations in the parameter
(FOS<1)
considering
root
space)
cohesion. Without considering
root cohesion 3.5 km2 (36.8%) area and 15 landslide locations were predicted as failed
by SP, while TR predicted 6.1 km2 (64.2%) and 23 landslide locations as failed.
A large part of the region was predicted as below FOS<1 when root cohesion
was ignored [cf. Figure 3-11 STARWARS+PROBSTAB and TRIGRS (Only Soil Cohesion)].
The difference between Figure 3-11 ‘Only Soil Cohesion and With Root Cohesion’ can
be considered as a representation of the sensitivity of the respective models. TR
grossly overestimated factor of safety without root cohesion compared to SP. This
overestimation cannot be considered just as a result of the difference in the shear
strength (imposed by the additional root cohesion) but is also because of the
difference in the hydrological component of the models. The STARWARS was a more
complete slope hydrology model compared to the modified Iverson’s solution

61

The ‘best’ model in a data poor setting

implemented in TR. A single soil layer from surface to the lithic contact as
implemented in TR was a significant generalization.
The modified Iverson’s model limits the possibility to assess the factor of
safety of individual soil layers as
the
solution
assumes
an
impermeable
lithological
boundary at the bottom of the
soil
layer.
A
completely
impermeable lithological contact
was
also
a
significant
generalization especially in the
study area where numerous
lithological
discontinuities,
fractures and joints can be
noticed. These fractures and
joints results in the leakage of soil
water into the bedrock cavities.
So also, TR was limited in terms of
its
capability
to
simulate
unsaturated slope hydrology
(Godt et al., 2008).
All the four models
Figure 3-10: Graphical representation of the
evaluated in this study may be
prediction of susceptibility to failure by SHALSTAB
used to assess rainfall induced
(Dots are landslide locations in the parameter
shallow landslide hazards. The
space)
choice of the model depends on
the availability of data for the study area. It was evident from the lumped sensitivity
assessment of the models that the accuracy of these models improves when insitu/laboratory measurements of soil mechanical and hydrological properties are used
instead of literature derived values. However, the lack of a high resolution DTM was
still a limiting factor. A 10 m by 10 m resolution DTM may improve the prediction
quality considerably.
Even with the limited capability for spatial parameterization SH performed
better than SM. With the more complex implementation of probability of failure
calculation in SM, the application of any sensitivity analysis methods is limited.
Compared to SH, SM was weaker given the fact that it uses parameters (dimensionless
cohesion) that have meaning only in the context of that specific model, which limits
the potential for broadening the scope of the model to make additional kinds of
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predictions subject to additional kinds of tests (Iverson, 2003). Thus for a quick and
reasonably reliable spatial quantification of shallow landslide hazard in areas with
limited
data
SHALSTAB should be
preferred
over
SINMAP.
Of the four
models used in this
study SP proved to be
the best in terms of
the three capabilities
for which the models
were evaluated, they
being capability for
spatial
parameterization,
how many of the
known
landslide
locations
were
predicted as failed
(FOS<1) by the model
and what is the total
area predicted as
unstable (FOS<1) as
against the actually
Figure 3-11: Factor of safety scenarios predicted by
known landslide area.
STARWARS+PROBSTAB and TRIGRS overlaid with the landslide
This
model
was
inventory
capable to simulate
the pore water pressure changes over a desired time interval from which critical
conditions favouring the trigger of shallow landslides can be deduced. This capability of
dynamic slope stability models such as SP is extremely useful to assess the spatiotemporal probabilities. TR was also capable of doing dynamic predictions of slope
instability, but is limited in terms of its parameterization capability (for example, multi
layer soil depths in SP vs single layer soil depth in TR). However, the model needs rain
rate data as against the rain amount data required for SP and hence is less
advantageous than SP for hazard assessment; the availability of rain rate being limited
in most landslide prone areas of the world.
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STARWARS+PROBSTAB was thus the preferred dynamic model to quantify the
spatio-temporal probabilities of rainfall induced landslide hazard on a catchment scale
in the region as it can simulate both the transient and spatial response of pore water
pressure in the slope stability calculation. This model was thus chosen to address the
objectives of this research.
3.7.

Calibration and Validation of the ‘best’ model

Calibration and validation are two crucial necessities in using models for
simulating earth surface processes (Karssenberg, 2002), especially in a data deficient
condition as in the case of this study. Data pertaining to the entire upper Tikoy river
basin (cf. Figure 3-2) was used to conduct the calibration and validation of
STARWARS+PROBSTAB. Availability of calibration and validation data determined the
model simulation period and time steps used in this study. Calibration of slope
hydrology required simulations from 1990 to 2006. Validation was done by comparing
slope stability simulation for the year 2001 with the actual record of landslides (cf.
Table 3-4). A 6 hr time step was used to simulate slope hydrology, though the results
were aggregated to daily time steps for use in the slope stability simulation.
Calibration of STARWARS was constrained to the SWM season of the
hydrological year 2005-06 as ground water observations were available only for this
period. Initial conditions for this period was estimated by warming up the model for 10
average years (called the spin-up period) followed by the 15 actual hydrological years
(1990-2005). Starting from the initial conditions of the spin-up period, the model was
run in a 6 hr resolution, all outputs being subsequently processed as daily values. First,
the hydrological model was calibrated against the water level during the SWM period
of 2005 measured in 11 open wells widely distributed in the study area. Soil depth was
chosen as the parameter for calibration because of its highly variable and erratic
nature. It was modified by increments of 0.01 m until the overall absolute error was at
its minimum. The best fit was obtained with an increase of 0.08 m, baring the exposed
rock surfaces, (R2 = 0.7) between the observed and predicted water levels. Some
amount of compensating error in this calibration value of soil depth may be a
consequence of the use of daily resolution climatic data which cannot be quantified
separately due to the lack of fine resolution rainfall data. The Root Mean Square Error
of the prediction was 0.29. The stability model was calibrated at the known landslide
locations assuming completely saturated conditions. The use of the original Cr values
resulted in unrealistically high stability, clearly pointing towards an overestimation of
overall cohesion. This may be mainly due to the original over estimation of Cr.
To obtain a better estimate of root cohesion, a back-analysis was employed,
assuming that root cohesion suffices to maintain the safety factor at unity at 50 known
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shallow landslide locations in the area. Any cohesion in addition to soil cohesion was
considered to be provided by the roots. Optimization concerned the Tri of a 5 mm root.
Prior to calibration, only 6 known initiation locations were predicted as failed whereas
after calibration, with Tri = 6.1 MPa, 22 locations were predicted correctly. Figure 3-12
shows the relationship of Cr with soil depth, before and after root cohesion calibration.
The method provides only a practical approximation of root cohesion with the given
data as it lumps all uncertainty into the tensile strength.
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Figure 3-12: Depth averaged root count (lateral and basal) based on measured values and
Srinivasan et al., (2004), and root cohesion before (Pre) and after (Post) calibration

Subsequently, the calibrated STARWARS was applied to the hydrological years
1990-2001. Reliable landslide inventory containing information of the locations (cf.
Figure 3-5) and day of events (11 landslides on 8 July) was available for the
hydrological year 2001-2002. As the target was to assess model capability in simulating
slope instability with an accuracy of days, a daily time step was chosen. Spatial validity
of the model results of 2001-2002 was assessed using the ratio of area predicted as
failed to area that actually failed. An evaluation of the effect of vegetation on slope
stability was attempted by applying the model to the data set of the hydrological year
2001-2002, with and without considering Cr and surcharge as parameters.
3.8.

The ‘best’ model’s performance

The region received a total rainfall of 3179 mm during the SWM season of
2001. Of this, 238 mm was on 8 July. This was preceded by 1494 mm rainfall from the
start of the season on 1 June. The first 10 days of September 2001 was rainless. These
intermittent rainless periods in the monsoon known as monsoon breaks are significant
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in reducing soil moisture (Kusuma et al., 1991). Figure 3-13 shows the response of
water level to rainfall as predicted by the model for one of the known landslide
initiation locations. The prediction was an over estimation of the critical slope
hydrology conditions as it was only on the day of failure (highlighted with a triangle in
Figure 3-13) that the peak water level was expected.
Water level
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Figure 3-13: Predicted perched water level as a response to rainfall at the location
of a shallow landslide during the south-west monsoon season of 2001-2002
21-Jun

11-Jul

From the results it can be inferred that pore water pressure in the region
responds quickly to wet and dry periods and the soil is saturated very rapidly. The
spontaneous response of pore water pressure to rainfall events can be attributed to
the fairly permeable soils in the region (cf. Table 3-3). This result corroborates earlier
findings from the region (Basak and Narasimha Prasad, 1989; Langsholt, 1992). In the
present research temporal validity of the model was assessed with the failures that
occurred on 8 July 2001. Eight of the eleven failure locations were predicted by the
model as failed (FOS≤1) on the day and these locations were also predicted to be
having a P(F≤1) ≥ 60%.
3.9.

Results and Discussion

Figure 3-14 shows predicted instability overlaid by the eleven known
landslides for the year 2001-2002 with (Figure 3-14a) and without (Figure 3-14b)
considering the mechanical effects of vegetation. The model predicted 14% (8 km2) of
the area as unstable during the monsoon seasons against the actual <1% area. Out of
this 8 km2, 1.17 km2 remained unstable throughout the year while the rest of the
region experienced instability as a consequence of the development of critical slope
hydrological conditions. Without mechanical effects incorporated 42% (23.3 km2) of
the study area was predicted as unstable. The simulated area of instability was an
overestimation (cf. Figure 3-14a) which is evident from the difference between the
predicted area of failure and actual area of failure. However, the fact that 8 out of 11
known landslide locations were predicted as failed demonstrates the capability of the
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model to be used for susceptibility estimation. The region predicted as unstable (cf.
Figure 3-14a) was also predicted as having a higher average probability of failure (≥
50%) compared with the rest of the region (≤2%). The area susceptible to failure was
consistently overestimated when the same inputs were used in SINMAP, SHALSTAB,
TRIGERS and STARWARS+PROBSTAB. The prediction of STARWARS+PROBSTAB was
marginally better (cf. Table 3-5). Thus it could be inferred that the errors are a
consequence of the poor data quality, especially the DTM resolution, overall cohesion
and soil depth.
3.9.1.

Sensitivity of STARWARS

Table 3-6 provides the simulated hydrological effects and transient
hydrological conditions of 8 July 2001 at the landslide locations. Though the region has
significant vegetation cover interception effect on the day of failure at these locations
was negligible. Canopy interception resulted in less than 1% reduction of the rainfall at
the landslide locations. This can be attributed to the insignificance of interception in
tropical climates (both in absolute and relative terms) as large drop sizes in the rainfall
and high throughfall results in reduced interception loss from tropical trees compared
with those in temperate climates (Calder, 2001; Jorge and Sharika, 2000).
Evapotranspiration was also insignificant on the day of failure.
Table 3-6: Slope hydrology prediction by STARWARS for 8 July 2001 at the landslide initiation
locations, with and without considering the hydrological effects (interception and
evapotranspiration) of vegetation
ERF
ERF
WL
WL
Ic
BT
AET
LC
RF (mm)
V
NV
V
NV
(mm)
(-)
(-)
(mm)
(mm)
(m)
(m)
1
2.4
0.54
0.02
236.7
0.25
0.25
2
2.3
0.54
0.05
236.7
0.25
0.25
3
0.4
0.00
0.01
237.4
1.75
1.75
4
1.0
0.41
0.01
237.2
1.75
1.75
5
0.9
0.00
0.01
237.9
3.20
3.20
6
1.5
0.53
0.02
237.1
1.75
1.75
237.8
237.8
7
1.2
0.15
0.03
236.8
0.75
0.75
8
0.6
0.00
0.01
237.2
0.75
0.75
9
0.7
0.10
0.04
237.1
0.75
0.7
10
1.2
0.40
0.02
237.1
1.75
1.75
11
0.6
0.00
0.03
237.2
0.25
0.25
LC: Landslide code; RF: Rainfall; ERF: Effective Rainfall; Ic: Interception; AET: Actual Evapotranspiration;
WL: Water Level; BT: Bulk throughfall ratio; V: Considering interception and evapotranspiration; NV:
Without considering interception and evapotranspiration

This corroborates the observations made by researchers (Nizinski et al., 1994;
Watanabe et al., 2004; Yusop et al., 2003) that on days of heavy rainfall,
evapotranspiration is negligible in tropical climatic conditions. Although interception
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and evapotranspiration did not have significant influence in the generation of pore
water pressure on the day of failure, they still have relevance in maintaining the longterm non-critical hydrological conditions of the slopes. Considering the fact that the
region received at least three days of heavy rainfall prior to the actual day of failure
the hydrological effect of vegetation especially evapotranspiration, may be the reason
for the delay in the occurrence of landslides (cf. Figure 3-13). Sensitivity of the model
results to the soil hydrology parameters were not treated independently. Rather, the
daily variation of perched water table (Figure 3-13) can be considered as a
representation of the variability of pore water pressure capable of triggering shallow
landslides for the period under consideration.
3.9.2.

Sensitivity of PROBSTAB

PROBSTAB enables sensitivity analysis as an outcome of probability of failure
assessment using the FOSM method. The range and standard deviation values of the
parameters used for calculating the probability of failure using the FOSM method is
provided in Table 3-2. Sensitivity was spatially quantified as a score for each pixel, the
contribution of the parameter to the variance of the Factor of Safety at that pixel,
using a scale that indicates increasing sensitivity from 0 to 1. Table 3-7 shows the
sensitivity of the model results to root cohesion, soil depth, angle of internal friction
and slope at the known landslide initiation locations. Sensitivity analysis indicated that
the slope stability of the catchment is highly sensitive to root cohesion (cf. Table 3-7
and Figure 3-15).
From the comparison of model predictions with and without mechanical
effects of vegetation (cf. Figure 3-14) it could be concluded that inherently unstable
slopes planted with rubber are stable primarily as a result of root cohesion. Field
observations showed a significant increase in instability when rubber plantations are in
their young stage, between 1 to 7 years of planting, though this study did not avail any
results to conclusively state so. It must be noted that these conclusions are made
ignoring root pullout condition and overestimating root anchorage, thus probably
overestimating root cohesion. Well constructed in-sloping terraces also play an
important role in ensuring stability, which was also not addressed in the present study.
Variability of soil depth and uncertainty of estimating it in the field makes it a
parameter to which the model results were highly sensitive (cf. Table 3-7 and Figure
3-15).
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Figure 3-14: Actual locations of shallow landslides plotted over predicted slope instability a) considering root cohesion and surcharge of
vegetation and b) without considering root cohesion and surcharge of vegetation
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Table 3-7: Average values of the parameters and the sensitivity of the model predictions to root
cohesion, soil depth, angle of internal friction and slope at know landslide initiation locations
(2000-2001) [cf. Table 3-2 and Table 3-3 for parameters linked to soil types and the standard
deviation values respectively]
LC
1
2
3
4
5
6
7
8
9
10
11
ST
3
3
1
1
1
3
3
3
3
3
3
LU

R

R

G&R

R

R

FD

FD

G

G

R

G

Slp°
[Avg]

45.9

39.6

21.7

27.4

22.7

31.2

29.2

32.3

27.6

35.4

25.7

ST (m)
[Avg]

0.25

0.25

1.75

1.75

3.5

1.75

0.75

0.75

0.75

1.75

0.25

P(F≤1)

0.1

0.1

0.7

0.7

0.9

0.9

0.6

0.8

0.7

0.7

0.0

RC

0.9

0.8

0.0

0.8

Sensitivity
0.4
0.0

0.2

0.3

0.3

0.9

0.9

ST

0.1

0.2

0.3

0.1

0.0

0.4

0.1

0.0

0.0

0.1

0.1

AIF

0

0

0.6

0.1

0.4

0.5

0.3

0.3

0.4

0.1

0.0

Slp

0.0

0.0

0.0

0.0

0.2

0.0

0.3

0.3

0.1

0.0

0.0

LC: Landslide code; SU: Soil Type Code; LU: Land use; Slp: Slope; ST: Soil Thickness; RC: Root Cohesion;; R:
Rubber, G&R: Grassland & Rock, FD: Forest Degraded, G: Grassland; P(F≤1): Probability of the Factor of
Safety to be less than or equal to 1; AIF: Angle of Internal Friction

Soil depth map used for this research (cf. Figure 3-4b) had fixed depth values
aggregated as polygons, even though inside these polygons slope steepness and
consequently soil depth may change considerably. A soil depth map which contains
continuous data is expected to be more reliable and should capture varying soil depth
in the catchment better. However it is known that evolution of critical soil depth and
slope profiles as a consequence of the prevailing rate of weathering are significant
preparatory agents for slope failure in soil material (Dykes, 2002).
Most models (e.g., TRIGRS, GEOTop-FS, SHETRAN, etc.) including the one used
for this study does not address this evolution of the preparatory variables over a long
period thus hampering calibration and validation efforts. Other parameters to which
the model results were less sensitive are angle of internal friction and slope (cf. Figure
3-15). Model outputs showed little sensitivity to soil cohesion, surcharge and bulk
density. Surcharge may have more relevance when wind loading is parameterized and
incorporated into the model, which is not the case in the present study. Field
evidences and interviews with the local population indicated that debris flows are
initiated during torrential and persistent rainfall associated with high velocity winds.
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Figure 3-15: A spatial comparison of the sensitivity of slope stability to root cohesion and soil depth (Sensitivity score for
each pixel is the contribution of the parameter to the variance of the Factor of Safety at that pixel represented using a
scale that indicates increasing sensitivity from 0 to 1. It is unit less)
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3.10.

Conclusions

Out of the four models compared, the STARWARS+PROBSTAB model was
identified as the most suitable one for assessing the spatio-temporal probabilities of
shallow landslide initiation in the study area. However, this suitability was at the cost
of time and resources for collecting the necessary input data and computation, which
restricts the use of this model for hazard assessment. Although the study resulted in
outputs that have physical meaning the evaluation of the model performance was
hampered by the limited nature of the calibration and validation data. Thus the results
are merely indicative of the capability that can be achieved by such models in
evaluating the spatio-temporal probabilities of landslide initiation. Despite such
limitations, the general temporal pattern of pore water pressure associated to the
known period of failure (SWM) was captured by the model (cf. Figure 3-13). The results
indicate that the antecedent moisture conditions and the persistence of high pore
water pressure for a significantly long period may have been the reason for the
failures. The trigger of the events was probably an extremely high intensity rainfall
which resulted in a sharp increase of pore water pressure. The model could not predict
this sharp response on the actual date of failure probably due to the temporal
resolution of the data used. Following the deterministic criteria of FOS<1, the spatial
pattern of instability was overestimated both with (cf. Figure 3-14a) and without (cf.
Figure 3-14b) accounting the mechanical effects of vegetation. However, the
overestimation was comparable with other physically-based slope stability
assessments (Borga et al., 1998; Simoni et al., 2008; van Beek and van Asch, 2004). The
research conclusively highlights the significance of land use/land cover, especially root
cohesion in slope stability assessments.
Rubber plantations as they exert considerable root cohesion are good for
maintaining the overall stability of the region. However long-term stability is not
assured owing to the cropping cycle. The ongoing trend towards quantitative
assessments in geomorphology stimulates the application of physically-based models
for evaluating earth surface processes such as landslides even in data deficient
countries. In light of this research it could be concluded that such complex models
when used in a data poor setting, though may not assure reliable landslide hazard
quantification, are suitable for quantitatively assessing the influence of various
parameters contributing to slope stability.
A probabilistic assessment of instability is always constrained by the quality of
input data and the assumed pattern of probability. The FOSM method used for the
probability of failure calculations in this study assumes the variability of a parameter as
a normal curve. The assumption of a normal curve is not always true, especially for
constantly evolving variables such as soils. This necessitates a sensitivity analysis. The
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study was also limited by the fact that the most variable and time dependent
parameter, perched water table and volumetric moisture content, was not utilized for
assessing the probability of failure. Sensitivity analysis shows that with better DTM,
land use/land cover maps, topographical and pedological parameters, prediction of the
spatio-temporal probabilities of landslides in the region using physically-based models
can be significantly improved.
An accurate spatial estimate of soil depth needs to be the priority of
researchers in the parameterization of a physically-based slope hydrology-slope
stability model. Better calibration and validation of the model necessitates field
observations of the hydrological response of the catchment such as pore water
pressure, volumetric moisture content, discharge, better estimate of the parameters
determining root reinforcement and a detailed inventory of shallow landslides. Thus
for a reliable estimate of the spatio-temporal probabilities of shallow landslide
initiation in the region using STARWARS+PROBSTAB, considerable time and effort has
to be invested in acquiring sufficient weather data and corresponding topographical,
pedological and hydrological data.
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water pressure as a trigger of shallow landslides in the Western Ghats of Kerala,
India: Some preliminary observations from an experimental catchment. Physical
Geography 29:374-386.

5

Translation: “Destruction it may sometimes pour, but only rain can restore life”
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4.1.

Introduction

Rainfall and as a consequence, the development of pore water pressure is
considered as an important trigger of landslides (Iverson, 1997). Moisture gained by
the soil during a precipitation event is reduced by evapotranspiration, the rate of
which determines the occurrence of soil saturation conditions in a long term (CIMIS,
2009). Any physically-based slope stability assessment in a spatial or punctual domain
cannot ignore issues concerning pore water pressure distribution along the soil profiles
(Simoni et al., 2004). Continuous monitoring of pore water pressure at locations of
landslides is limited by the fact that the initiation locations of landslides are almost
never known prior to the occurrence of the events. This is especially true in the case of
shallow landslides such as debris flows that originate in bed rock depressions called
hollows (Melelli and Taramelli, 2004). Researchers circumvent this constrain by
monitoring pore water pressure or perched water level in laboratory scaled models
(eg., (Wang and Sassa, 2003)), known active and dormant landslides (eg., (Malet et al.,
2004)) or locations that are hydrologically and topographically similar to those that
initiated landslides (eg., (Hengxing et al., 2003)). The transient behaviour of perched
water level observed through any of these methods is only an approximation of the
expected response at the location of actual failure.
Studies conducted in the Western Ghats point towards intense monsoon rains
and associated pore water pressure development as the major cause of shallow
landslides (Basak and Narasimha Prasad, 1989; Sreekumar, 2009; Thampi et al., 1998).
Although several post disaster assessments and empirical landslide susceptibility
analyses have been conducted in the area, no research has been conducted on the
hydrological response of the slopes that leads to landslides. Such an observational
analysis is a prelude to any physically-based modelling of the phenomena.
This chapter presents the quantitative climatic and hydrological
characterization of the Aruvikkal catchment (cf. Figure 3-1 and Figure 3-3), based on
rainfall, perched water level at few locations and discharge. The result of this
quantitative assessment was expected to serve as templates for empirically
understanding the climatic and hydrological behaviour of the landslide prone areas of
the catchment in particular and the Western Ghats in general.
4.2.

Instrumentation

Two sub-catchments of the Aruvikkal catchment were instrumented with
thirteen self recording piezometers for perched water level measurements, one
automated weather station (AWS; Vantage Pro2, www.davisnet.com) and one stageheight gauge (below the Aruvikkal Bridge, Figure 3-3), starting June 2007. The
piezometers and the stage-height gauge were the Keller DCX-22 AA which measures
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and record (perched) water levels using a two sensor technology. The submersible
depth sensor measures the water level. Barometric pressure variations are measured
and compensated with the built-in waterproof air pressure sensor mounted in the
electronics housing at the top of the borehole (www.keller-druck.com).
Figure 4-1 shows the locations of the instruments. Table 4-1 shows the
variables measured and the measurement and location characteristics of the
instruments. The piezometers were deployed as illustrated in Figure 4-2a, at the
locations shown in Figure 4-1 (locations 1 to 13). The two micro catchments were
selected based on qualitative information from the local inhabitants regarding the land
use intensity. According to the locals and also based on the land use maps, historically,
the northern micro-catchment experienced far lesser anthropogenic activity as
compared to the southern. This was mainly due to the inaccessibility of the terrain and
the lesser suitability of the northern part of the catchment for rubber plantation. The
suspicion that the differences in the land use intensity causes different rates of
landslide activity was also supported by the available landslide inventory (cf. Figure
3-5) which shows only one event in the northern sub-catchment as against three
events in the southern. A more detailed discussion of land use in the catchment can be
found in Chapter 5. The choice of measurement interval was arbitrary (cf. Table 4-1,
MI).
The AWS (Figure 4-2b) was deployed atop the St. Paul’s CSI church,
Meladukkam (cf. Figure 4-1, Weather Station) based on the criteria that the location
has to be clear of any obstructions within 10 m and must be in the centre of the
catchment, assuming that the climatic observation at such a location would be the best
representative for the whole catchment. The stage-height gauge (Figure 4-2c) was
deployed on the eastern wall of the aqueduct of Aruvikkal Bridge (cf. Figure 4-1, Stage
Height Gauge). The velocity measurements were conducted using a mechanical flow
meter [Figure 4-2c (inset), Eijkelkamp Mechanical Flow Meter, Model 2031]. A detailed
description of the velocity measurements and the rating curve preparation can be
found later in this chapter. A long period record (1952 onwards) of daily rainfall was
available from Pullikanam (cf. Figure 3-1) tea estate (PTE) and a partial rainfall record
was available from Tikoy Rubber estate close to Tikoy Bridge (TRE; cf. Figure 3-1).
4.3.

The Methods

4.3.1.

Time series analysis

The data from the instrumentation (cf. Figure 4-1) was used to assess the
temporal characteristics of the hydrological response of the catchment to rainfall, and
for the calibration and validation of STARWARS.
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Table 4-1: Temporal characteristics, location characteristics and accuracy of field instruments
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Figure 4-1: Locations of the field instruments
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Figure 4-2: a) Scheme of piezometer deployment for perched water level measurements, b) the AWS deployed atop the Meladukkam St.
Paul’s CSI church and c) the stage height gauge being deployed at the aqueduct of Adukkam Bridge and the flow meter used for the velocity
measurements
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The temporal characteristics were analysed using the cross correlation (CCF)
function, a time series analysis method (Cowpertwait and Metcalfe, 2009a). CCF is
defined as:
,
,
Equation 11
where, σ is the standard deviation of each of the variables and γk(x,y) is the
cross-covariance function defined as
,
Equation 12
where, x variable lags y variable by time k and μ is the mean of each of the
variables. The CCF analysis results in correlograms. Correlograms are graphs showing
the cross-correlation coefficients between members of the input (rainfall) and output
(hydrological responses namely perched water level and discharge) time series (vertical
axis) for different time lags (horizontal axis) (NOAA, 2010). For conducting this analysis,
both the cause and the effect must be sampled in equal time interval and are assumed
to be stationary in the mean and the variance (Cowpertwait and Metcalfe, 2009b;
Shumway and Stoffer, 2006).
A strongly related pair of time series will result in high values of crosscorrelation coefficients, the absolute highest of which is called the peak crosscorrelation coefficient (PCC). The PCC explains how strongly the peaks in the
hydrological responses time series are related to the peaks in the rainfall time series.
The time lag to the PCC (if positive: implies that the effect precedes the cause, if zero:
implies that the effect is instantaneous and if negative: implies that the effect succeeds
the cause) in the correlogram shows the least minimum time necessary for the slopes
to respond to the rainfall. An ideally cross-correlated pair of time series will show
statistically significant positive correlation for the entire sampling period, with the time
lag to the PCC being negative, implying a consistent behaviour of the cause and effect.
Assuming a homogeneous rainfall, any differences in the time series statistics of the
perched water level vs rainfall at different locations may be due to site-specific slope
variables such as soil depth, saturated hydraulic conductivity, curvature etc. Thus these
time series statistics (namely the PCC, the time lag to the PCC and the time that the
CCF is significant) are good measures of the temporal characteristics of the
hydrological behaviour of the catchment.
The spatial variability of rainfall in and around the catchment was assessed
based on the PCC and time to the PCC between daily rainfall data for common periods
from the three rainfall stations (cf. Table 4-1) (Shimada and Miyamoto, 1993). In
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addition, the central tendency measures, monthly moving average and number of
rainy days at the three stations were also compared.
4.3.2.

Gumbel’s extreme value probability

The yearly maximum, average and standard deviation of the daily rainfall at
PTE were used to assess the long period (1952-2001) daily rainfall characteristics of the
catchment. A rainfall return interval analysis based on this long period daily rainfall was
conducted to quantify the return probabilities of the rainfall events that had caused
the inventoried landslides (cf. Table 3-4). This analysis consisted of computing the 1
day, 2 days, 3 days, 5 days, 7 days and 10 days cumulative rainfall of the date of
shallow landslide occurrence for the last 49 years period (1952-2001) using:
Equation 13
where, Px is the absolute antecedent rainfall for the day x which is the day of
occurrence of the maximum rainfall. P1 is the daily rainfall of the day x; Pn is the daily
rainfall for the nth day before day x.
The return period of each rainfall amount-duration combinations was
computed using the theoretical distribution described by Gumbel (1958) widely used
for extreme value analysis, defined as:
Equation 14
where XN is the maximum x from a sample of size N; Xr = a reference value of
XN; y = α(Xr-u), the reduced Gumbel variate; u = μ-(c/α), the mode of the Gumbel
distribution; μ = mean of the Gumbel distribution; c = Euler’s constant = 0.577; α =
π/(σ√6); σ = the standard deviation of the Gumbel distribution. The Gumbel
parameters for rainfall of more than 10 days were not computed as preceding studies
indicated that effective shear strength of the highly porous soils in the region reduces
very rapidly with increasing pore water pressure and soil moisture (Chandrakaran et
al., 1995). Given the Gumbel parameters applicable, return intervals of the respective
rainfall of the dates of occurrence of landslides were calculated using the equation:
1/(1-P(XN < Xr))
Equation 15
This return interval analysis alongside the landslide inventory (cf. Table 3-4)
was useful to validate the applicability of the rainfall threshold for shallow landslide
occurrence proposed for the region (cf. Section 2.8.2) by Thampi et al. (1998).
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4.3.3.

Bartlett-Lewis rainfall disaggregation model

The daily rainfall of 2001 and 1993 (both having caused landslides; cf. Table
3-4) from PTE was disaggregated to hourly for generating the hydrological inputs
necessary for the calibration and validation of PROBSTAB. The disaggregation was
performed using the modified six parameter version of the Bartlett-Lewis rainfall
model (B-L Model) implemented in Hyetos, developed at Imperial College, London by
Koutsoyiannis and Onof (2001). The model performs disaggregation of daily into hourly
rainfall by combining an existing rainfall simulation model of the Poisson cluster type
along with an appropriate technique for modifying the rainfall model output. It uses
the Bartlett-Lewis (B-L) rectangular pulses rainfall model as a background stochastic
model for rainfall generation and necessitates six parameters to be computed from
hourly rainfall records. Based on these parameters a repetition is first carried out to
derive a synthetic rainfall series, which resembles the given series at the daily scale.
This step focuses on the wet/dry pattern and the intensities separately. In a second
step, an appropriate adjusting procedure - the proportional adjusting procedure - is
applied to make the generated hourly series fully consistent with the given daily series
without affecting the stochastic structure implied by the model (ITIA, 2009). A detailed
treatment of the model can be found in Koutsoyiannis et al. (2003) and Koutsoyiannis
and Onof (2001).
The B-L model parameters were derived from the hourly rainfall time series of
1 June 2007 to 31 May 2009 available from AWS, the steps for which were:
1. Calculate the mean, variance, autocovariance and proportion of dry hours of the
hourly time series and of the same time series aggregated to daily and 48 hrs.
The rainfall time series has to be in mm
2. Set upper and lower constrains for the model parameters (default being 100 and
1e-07 respectively; used for this study too)
3. Set weights of the error function (default being 10 for the mean and 1 for the
variance, autocovariance and proportion of dry period; used for this study too)
4. Minimize iteratively the sum of weighted square error (SWSR) of the observed
and predicted series
5. Use the B-L parameter combination that provides the least value of the SWSR.
Ideally the SWSR should be below 1
In order to quantify the uncertainty of this disaggregation, the daily total
rainfall (at AWS) of 2008 was disaggregated to hourly and compared to actual
observed hourly totals. Further, from the return interval analysis the highest amount of
daily rainfall which had caused at least one landslide in the catchment was identified.
The daily rainfall time series of that year was disaggregated to hourly (using the B-L
Model) for generating the hydrological inputs necessary for PROBSTAB and was to be
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used later in the research for assessing the effect of historic and future land use
changes on the spatio-temporal probabilities of shallow landslides in the catchment.
4.4.

Meteorological variables of the study area

4.4.1.

Temperature, atmospheric pressure, solar radiation, humidity and wind

It was known from previous studies in the region that the strength of the
monsoon rainfall is partly related to the differential heating between land and ocean.
In the years when upper atmospheric temperature [shows an increasing trend over
India based on data from 1974-2004 (Mears et al., 2006)] was considerably warmer
than the long period average, the monsoon rainfall was significantly higher
(Retnakumari et al., 1997).
The Aruvikkal catchment (58.5 km inland from the coast; cf. Figure 3-1) opens
to the southern direction and thereby is directly exposed to the sea breeze and the
south-west monsoon winds that originate from the south and south west directions.
The effect of sea breeze is known to be strongly felt as far as 75 km inland from the
land/sea interface of Kerala (Rani et al., 2010). The prevalent wind direction
determines the relative exposure of the slopes to rainfall, influence the diurnal
variation of temperature, relative humidity and the wind speed which in turn
significantly influence the evapotranspiration (Doorenbos and Pruitt, 1977).
Table 4-2 compiles the seasonal characteristics of these parameters as
measured at AWS. Figure 4-3 shows the daily variations of temperature, atmospheric
pressure, solar radiation, relative humidty, wind speed and wind direction for the
entire measured period. All the variables showed a diurnal and seasonal variability as
was expected for the region (Pisharody, 1992).
4.4.2.

Spatial variability of rainfall

Rainfall (RF hereafter) being the trigger of shallow landslides in the region, a
detailed analysis of the temporal and spatial behaviour of RF in the catchment was
due. It is widely acknowledged that the temporal probability of shallow landslide
occurrence is influenced by the spatial and temporal characteristics of the rainfall
(Frattini et al., 2009). Three sources of RF data were available for the study area as
shown in Table 4-1. The longest record of rainfall available was from PTE (day totals),
while the finest resolution of rainfall record available was from AWS. Continuous and
common rainfall data was available for the stations PTE and TRE for a period of only
five years (1995-1999) and hence a convincing quantitative analysis of the spatial
variability of rainfall was not possible.
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Table 4-2: Descriptive statistics of the major weather parameters from 01 June 2007 01:00 to 01 June 2009 00:00 measured at
Meladukkam St. Paul’s church
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Figure 4-3: Temperature, solar radiation, relative humidity, atmospheric pressure, wind speed and wind direction measured at AWS from SWM2007 to
the end of PM 2009
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Figure 4-4: Comparison of the daily rainfall measured at PTE and TRE during 1995-1999
and the daily rainfall measured at PTE and AWS during 2007-2009 fitted with the
respective 30 day moving averages

However, the central tendency measures of the rainfall observed at the
stations are pointers towards the effect of altitude on the spatial variability of rainfall
received. As the back-casting of slope stability in this study has to depend on the
rainfall observations from PTE, the representativeness of the rainfall measured at this
station as against the AWS was also assessed with the limited period of common data
(June 2007 to May 2009). Figure 4-4 shows a comparison of the daily rainfall at PTE and
TRE and PTE and AWS fitted with the monthly moving average curve to highlight the
relative rainfall amounts received in the respective stations. It was evident from this
analysis that RF and number of rainy days (RD) at all the three stations follow the
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temporal rainfall pattern of the region (three seasons, with majority of annual rainfall
received during the SWM; cf. Table 4-1 and Table 4-3).
Table 4-3: Statistical and temporal characteristics of rainfall recorded at Pullikanam Tea Estate
(Lower Division) and Tikoy Rubber Estate
Stations
PTE (1952-2009)
TRE (1995-2002)
RF
518.1
405.7
Avg
RD
173
165
RF
84.2
80.9
Std
RD
18
13
Annual
RF
312.9 (Year 2002)
312.7 (Year 2002)
Min
RD
125 (Year 2000)
148 (Year 1999)
RF
718.5 (Year 1982)
534.4 (Year 1998)
Max
RD
201 (Year 1962)
181 (Year 1995)
RF
70.0
88.8
Avg
RD
40
40
RF
28.8
30.7
Std
RD
10
8
PM
RF
16.5 (Year 1953)
55.7 (Year 1997)
Min
RD
17 (Year 1953)
27 (Year 1998)
RF
158.9 (Year 1999)
133.1 (Year 1995)
Max
RD
84 (Year 2008)
49 (Year 2001)
RF
368.7
231.3
Avg
RD
100
89
RF
72.6
72.2
Std
RD
10
11
SWM
RF
132.4 (Year 2002)
132.1 (Year 2002)
Min
RD
68 (Year 2001)
71 (Year 2002)
RF
540.1 (Year 1981)
335.3 (Year 1998)
Max
RD
117 (Year 1988)
102 (Year 1995)
RF
81.5
85.6
Avg
RD
33
36
RF
28.7
33.2
Std
RD
8
5
NEM
RF
35.5 (Year 2008)
53.6 (Year 1999)
Min
RD
10 (Year 1978)
31 (Year 1996)
RF
154.8 (Year 1966)
139.8 (Year 1998)
Max
RD
53 (Year 1980)
42 (Year 1997 & 98)
Time series analysis
PTE vs TRE (1995-1999)
PTE vs AWS (2007-2009)
PCC
0.53
0.66
Lag
-1
0
In brackets are years in which the respective value occurred

The catchment experiences ~170 rainy days in a year. There was no lag of PCC
between the rainfall at PTE and AWS however, rainfall at PTE precedes the occurrence
of rainfall at TRE by 1 day (-1 lag of 0.53 PCC). The rainfall amount received in lower
altitude stations (TRE and AWS) was lower as compared to that in the higher altitude

89

Climatic and hydrological characterization of the study area

station (PTE) (cf. Figure 4-4). On a daily basis, the PTE received ~150% more rainfall
than the AWS during the SWM season and the AWS received ~40% more rainfall than
PTE during the NEM. This also reiterates the strong orographic influence of the
Western Ghats on the spatial and temporal pattern of rainfall in the region. Table 4-3
shows the results of this analysis.
However as PTE and AWS showed no lag and that the relationship was strong
(Domroes and Ranatunge, 1993), it could be concluded that rainfall measured at both
the stations exhibit similar temporal characteristics despite the difference in absolute
values. Hence lack of observation at one station can be supplemented by using
observation from the other. Ideally a correction factor must be used to adjust the
rainfall amounts of PTE to that of AWS (or vice versa), however was avoided given the
lack of long term data to establish a convincing correction term.
4.4.3.

Long period trend of daily rainfall

The data from PTE (1952-2001) was used to understand the long period
behaviour of rainfall extremes in the catchment. Figure 4-5 shows the long period
maximum, average and standard deviation of daily rainfall measured at PTE. It was
evident from this analysis that the characteristics of daily rainfall, particularly the
extremes in the study area has neither increased nor decreased in the last 50 years.
Seasonal and annual rainfall also follow similar trend with no significant deviation
observed from the long period averages. These findings were consistent with the
findings in the regional scale described in Section 2.4. Thus an evaluation of the future
long period changes in rainfall extremes using precipitation models was not a
prerequisite to determine the long period spatio-temporal probabilities of shallow
landslides in the study area.
4.4.4.

Return interval analysis of daily rainfall

Table 4-4 shows the parameter values of the Gumbel distributions of 1 to 10
days and the corresponding design rainfall amounts. Figure 4-6 shows the 1 to 10 days
rainfall of the landslide years plotted alongside the computed design rainfall of 2 years
and 100 years return period. Most of the landslides in the inventory (cf. Table 3-4) for
which corresponding rainfall data was available occurred on the day of maximum
rainfall measured at PTE. This analysis reveals that rainfall lower than the threshold set
by Thampi et al. (1998) have caused landslides in the catchment (Table 4-5). Thus this
threshold is not valid for setting up a rainfall based landslide early warning system. The
year with the highest amount of daily rainfall which has caused landslide in the study
area was 1985. The rainfall of this particular year exhibited comparable statistical
properties to that of a 100 year return interval rainfall (although the rainfall on the
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date of landslide had a return interval of only 16.2 years) which may sufficiently
represent the characteristics of the most extreme rainfall event possible in the study
area. The daily rainfall time series of 1985, 1993 and 2001 were disaggregated to
hourly values based on the statistics of the hourly rainfall at AWS using the B-L model.
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Figure 4-5: Comparison of the maximum, average and standard deviation of
daily rainfall measured at Pullikanam Tea Estate from 1952 to 2001
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Table 4-4: The α and u of the Gumbel distributions of 1, 2, 3, 5, 7 and 10 days measured at PTE
and the respective design rainfall for return intervals 2, 5, 10, 25, 50 and 100 years
ND
u
RFE,2
RFE,5
RFE,10
RFE,25
RFE,50
RFE,100
α
1
0.26
18.53
19.97
24.40
27.34
31.06
33.81
36.55
2
0.18
27.65
29.68
35.96
40.11
45.36
49.26
53.13
3
0.14
34.58
37.23
45.42
50.84
57.69
62.77
67.81
5
0.10
46.39
49.92
60.83
68.05
77.17
83.94
90.66
7
0.08
57.31
61.62
74.97
83.81
94.97
103.25
111.47
10
0.07
70.67
76.00
92.47
103.37
117.15
127.37
137.51
ND: Number of days for which rainfall was cumulated; RFE,N(2, 5...100): Rainfall expected for a return interval
of 2 yrs, 5 yrs...up to 100 yrs. Rainfall values in centimetres
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Figure 4-6: One, 2, 3, 5, 7 and 10 days rainfall of the years in which landslides occurred (in
brackets are the number of events that occurred in Aruvikkal catchment in the respective
year) and the design rainfall of the same number of days for return intervals 2 years and 100
years
Table 4-5: Rainfall and the corresponding return intervals on the dates of occurrence of the
shallow landslides in Aruvikkal catchment
Date of landslide
RF (cm)
RI (Years)
Number of events
27 Jul 1992
18.00
1.5
2
24 Aug 2000
19.00
1.7
1
24 May 1999
19.74
1.9
1
6 Oct 1993
20.20
2.1
8
22 Jun 2007
20.36
2.2
4
8 Nov 1997
20.44
2.2
2
2 Sep 1988
20.75
2.3
1
8 Jul 2001
21.60
2.7
5
3 Nov 1990
23.72
4.3
1
25 June 1985
29.31
16.2
1
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4.4.5.

Rainfall that caused landslides in 2007

The study area experienced a debris flow and three soil slips between 6.00
and 10.00 am (the critical period) on 22 June. From the start of the monsoon on 28
May to 22 June, the catchment received 997 mm rainfall (at AWS). The total rainfall of
22 June was 20 cm and the two day cumulated rainfall on the day of the events was
27.8 cm. The catchment received a single rain storm starting from 21 June 2007, 5.00
pm till 22 June, 6.00 am measuring a total of 15.22 cm. A ‘rain storm’ was defined as
having no rainless periods of ≥1 hr. Two rainfall events >10 cm/hr maximum intensity
occurred during the critical period of the day: a) between 5.45 and 6.00 am measuring
an amount of 0.98 cm with an intensity of 14.76 cm/hr and b) between 9.45 and 10.00
am measuring an amount of 0.78 cm with an intensity of 14.04 cm/hr. Although higher
intensities which produced higher quantities of rainfall occurred during the NEM
season of 2007 (for example, on 18 October the region experienced a rainfall intensity
of 15.36 cm/hr amounting to 2.0 cm) they failed to initiate any landslides in the
catchment. The fact that these events were discontinuous and isolated may be the
reason why they did not initiate landslides. Thus the time of failure is related to the
occurrence of rain storms that are characterised by uninterrupted persistence of high
quantity rainfall events.
4.4.6.

Disaggregation of daily rainfall to hourly

Table 4-6 shows the six input parameters used for the B-L model and the sum
of the weighted squared error corresponding to the parameter derivation. The table
also shows the central tendency statistics of the disaggregated time series. Figure 4-7
shows the observed and Hyetos predicted hourly rainfall of 2008 and the
disaggregated rainfall of the known dates of failure in 1985, 1993 and 2001. As it can
be noticed from Table 4-6, the central tendency statistics of the observed and
predicted rainfall of 2008 was comparable and the coefficient of determination (R2)
between both the time series was 0.5. The standard deviation values of the derived
distribution were comparable to that of the observed year’s however the observed had
a stronger positive skewness compared to that of the derived. This was logical as one
would expect more number of higher quantities of rainfall events during the years
1985, 1993 and 2001, and hence relatively lesser skewness for the distribution as
against that of 2008.
If the rainfall disaggregation was to be useful for the study it had to reproduce
rain storms that show persistence of high quantity rainfall for at least 10 hrs on the
known date of landslides. It was evident that the disaggregation was able to reproduce
this persistence characteristic (cf. Figure 4-7). Thus it could be concluded that the
disaggregate rainfall essentially captures the characteristics of rain storms that causes
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landslides in the study area with an overall accuracy of 50% (considering the entire
year) and a temporal error of 12 hrs in predicting the absolute peak hour of rainfall in
the year.
Table 4-6: The Bartlett-Lewis model parameters derived from the seasonal hourly rainfall
measured at AWS used for the disaggregation of the representative daily rainfall time series of
1985, the corresponding minimum sum of weighted square error (SWSR) and the central
tendency statistics of the observed and derived hourly rainfall of 2008 and the derived hourly
rainfall of 1985, 1993 and 2001
B-L model parameters and the corresponding minimum SWSR
Mi
Lamd
Phi
Alpha
Sigma
Kappa
Ni
SWSR
μx (mm.d-1
k (-)*
v (d)
λ (d )
ϕ (-)
α (-)
σx (mm.d-1)
1
)
0.2002
0.3536
0.0317
38.2936
2.8949
63.0638
63.0638
0.77
Central tendency statistics of the disaggregated time series
2008
Statistics
1985
1993
2001
Obs
Pred
Mean
0.44
0.44
0.62
0.61
0.53
STD
2.48
2.34
2.42
2.50
2.26
Skewness
10.32
10.47
6.96
6.74
6.00
Obs: Observed; Pred: Predicted; d: days; μx = σx for the B-L model with 6 parameters; *dimensionless;
Standard deviation
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Figure 4-7: Observed and Hyetos predicted hourly rainfall of 20 to 21 July 2008 and the
predicted hourly rainfall on the date of occurrence of landslides (cf. Table 3-4) and a
day before it in 1985, 1993 and 2001
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4.4.7.

Reference Evapotranspiration

The AWS internally computes ETo using Penman-Monteith equation (Equation
16) including the Net Radiation calculation as implemented by CIMIS (California
Irrigation Management Information System) (CIMIS, 2009) once every hour. Table 4-2
shows the seasonal statistics of the ETo as computed by AWS.
37
∆
273.16
∆
1
λ∆
1
Equation 16
-1
where, ETo = grass reference evapotranspiration (mm.h ), Δ = slope of saturation
vapour pressure curve (kPa.°C-1) at mean temperature (T), λ = latent heat of
vaporization (MJ kg-1),γ = psychormetric constant (kPa.°C-1), G = soil heat flux density
(MJ m-2 h-1), Rn = net radiation (MJ m-2 h-1), Ta = mean hourly air temperature (°C), u2 =
wind speed at 2 m (m.s-1), es = saturation vapour pressure (kPa) at the mean hourly air
temperature (T) in °C, ea = actual vapour pressure (kPa) at the mean hourly air
temperature (T) in °C, Cd = bulk surface resistance and aerodynamic resistance
coefficient. Equations used for computing individual parameters can be found in
Appendix 4. Figure 4-8 shows the ETo as computed by the AWS for the entire
observation period. The values of RF and ETo are expressed in terms of the total
volume of water (Equation 17) for comparison with the measured discharge (Q) which
is discussed in detail later in this chapter.
/10
Equation 17
where, RF is in meters and area is in m (which in this case was 9351700 m2). It was
evident that ETo was extremely high during the PM seasons (cf. Table 4-2, compare
average ETo values) which can be attributed to the high rates of solar radiation. As it
was the case with the estimates of weather variables described in the previous section,
the standard deviation values of ETo of the respective seasons may be considered as
measured of uncertainty both in space and time in the catchment. The estimated total
ETo at AWS for the year 2008 was 1030.2 mm as against 1600 mm derived using
Hargreaves equation with the temperature data from RRII (cf. Section 2.4). These two
were compared using a linear fit, but did not show a strong relationship (0.05 R2). This
lack of strong relationship and the almost 60% difference in the total values between
them may be due to two major reasons. It is known from previous studies in humid
regions that Hargreave’s equation over estimates ETo (Trajkovic, 2007) compared to
Penman-Monteith. This could be the reason for the higher total value based on RRII.
2

95

Figure 4-8: Rainfall, reference evapotranspiration and discharge measured from 29 August 2007 19:00 hrs to 31 May 2009 23:00 hrs
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The RRII station is much lower in altitude and closer to the coast line as
compared to the AWS and thereby the diurnal variation of atmospheric temperature
was much larger. The primary input of Hargreave’s equation being the diurnal range of
temperature, could also be the reason for the disagreement. Despite such relative
measurement errors, the lack of a strong relationship also points to the spatial and
temporal variability of ETo. Although it was necessary to have accurate estimates of ETo
for the reliable back-casting and forecasting of slope hydrological conditions no such
historic measurements were available for the study area. The scaling to the actual
evapotranspiration rate depends on the actual land use configuration (and thus is a
beneficial effect of vegetation on slope stability (Greenway, 1987)) and hence is dealt
in Chapter 6.
4.5.

Hydrological variables

Hydrological models are best calibrated and validated using data that shows
consistency and congruence, identification of which is a daunting task given the large
quantity of data that is derived by instrumented measurements. Within a closed
catchment incoming rainfall, perched water table (PWL) and outgoing discharge (Q)
are intrinsically and serially related. This provides the opportunity to address the data
as a continuous series and thereby use CCF for explaining these relationships and the
main features in the data (Cowpertwait and Metcalfe, 2009a). The CCF enables to
identify the most congruent and consistent period of data that exhibits the strongest
relationship between the variables which should be used to calibrate and validate the
models.
As mentioned in section 4.3.1 the PCC is an indication of the strength of
agreement while consistency of the relationship can be assessed by the number of
hours from this peak to the loss of significance of the relationship. The longer the
relationship is significant the more consistent is the response. Use of data pertaining to
extreme climatic events (such as a flood year or a drought year) will result in an
erroneous understanding of the state of the parameters and the hydrological
processes as such a calibration will not represent the long term behaviour of the
catchment. Hence the seasonal CCF of rainfall with water level at 13 piezometers (cf.
Figure 4-1) and rainfall with discharge (Q) were derived. The period that showed high
congruence and long term consistency was selected and randomly split into two, one
for calibration and the other for validation of STARWARS.
4.5.1.

Perched water level

Water plays a major role in the reduction of the shear strength of soils on the
hill slopes (Varnes and IAEG Commission on Landslides and other Mass-Movements,
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1984). The strength of slope-forming material depends in part upon the frictional
resistance of the solid constituents. The shear strength of soil (τ) at a point on a
particular plane was originally expressed by Coulomb as a linear function of the normal
stress (σ) on the plane at the same point (Craig, 1987). The Equation 18 below is the
Coulomb’s equation of shear strength of soil mass at a point on a certain plane:
Equation 18
where, c and φ are cohesion and angle of internal friction respectively and are known
as shear strength parameters.
According to the Terzaghi’s concept the shear stress in a soil can be resisted
only by the skeleton of solid particles and hence Equation 18 is rewritten as a function
of effective normal stress (σ’):
Equation 19
where, the c’ andφ’ are effective shear strength parameters. The relative wetness of
the pores between the skeleton determines the ability of the soil to resist stress. Under
the atmospheric pressure the pore water pressure is assumed to be zero. In a fully
saturated soil, part of the weight of the overburden is transferred from the soil
skeleton to the water filled in the pores creating a positive pressure.
The transfer of load from soil to water is equivalent to the buoyancy effect
(Selby, 1985). Due to the effect of buoyancy the normal force of overburden material
on the hill slope reduces and subsequently reduces the frictional strength between the
particles (Craig, 1987). Under this concept, for saturated soil the modified Coulomb’s
equation (Equation 19) can be rewritten (Selby, 1985) as shown below:
Equation 20
where, μ is the pore water pressure derived from the weight of water in the soil pores
above the considered point.
As discussed above, fully saturated soil and consequent positive pore water
pressure decreases the soil strength while, moist soil on the other hand is relatively
stronger than that of dry or saturated soil. This is mainly due to the suction within the
pores capillary where pore water pressure is negative, which “helps to bind the soil
particle together creating apparent cohesion” (Selby, 1985). Hence failure will occur at
any point where a critical combination of shear stress and effective normal stress
develops. As the pressure of fluid in the pores increases as a consequence of the
development of perched water level the effective normal forces and subsequently the
frictional resistance decreases. Thus, relative stability of a slope either in soil or rock
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may change radically with seasonal or permanent changes in ground water level
(perched or deep) (Craig, 1987).
Figure 4-9 shows the measurements of perched water level (PWL) at 12
piezometers in the catchment during July 2008. The continuous response pattern of
the PWL underlines the transient nature of the hydrological response. Except for one
(P9 which showed a steady response) all peizometers showed a rapid response to
rainfall events. At locations P11, 3, 1, 5, 2 and 12, the necessary amount of rainfall to
cause a response was more as compared to others; an example being the period
between 4 and 12 July when few rainfall events occurred, but these piezometers did
not show any noticeable response to the same.
This delayed response can mainly be attributed to the high soil depth of these
locations; all these locations had above 1.3 m soil. However, once saturated the
pressure waves at these locations also show rapid responses. The presence of macro
pores at different depths may be the reason for such mixed response patterns. Some
macro pores may be directly conducting water from above to the piezometer well
(such as P9 and P7), while others (such as P11) which are probably at a shallower depth
than that at P9, may be activated only after the soil saturation is complete. The time
necessary for the attenuation of the pressure wave may also be related to the
presence of macro pores that may be rapidly draining water from the bore holes (eg.,
P7).
An analysis of the pattern of PWL with respect to the rainfall at three
piezometers (P3, P5 and P7; cf. Table 4-1) during the SWM season of 2007, particularly
on the date of landslide occurrence (22 June 2007) was conducted. These piezometers
were deployed in locations which showed evidences of past landslide activity such as
small circular scarp heads, concave curvature, shallow soils, location below rock
exposures, scrubby vegetation and most importantly the head of ephemeral streams
that activate only during the peak of the monsoon rainfall and thus had characteristics
comparable to those of ‘hollows’ proposed by Melelli and Taramelli (2004).
Figure 4-10 shows the PWL at these piezometers from 21 June 2007, 12.00 am
to 22 June 2007, 11.00 pm. They were located within 1 km from the locations of failure
and at similar altitudes. Table 4-7 shows the maximum, average and standard
deviation of the hourly PWL observations at all the thirteen piezometers during the
SWM and NEM seasons. The PWL flux during the NEM season at the hollows was for
shorter periods achieving lesser absolute maximum values compared to that of the
SWM season (cf. Table 4-7). It may be the same mechanism that causes the pressure to
rise in the three piezometers given the similar rate of pressure increase that can be
noticed.
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Figure 4-9: Hourly perched water level response at 12 piezometers in July 2008
(On the left are those located in the southern sub-catchment and the right are those in
the northern sub-catchment, arranged in a descending order based on altitude above
mean sea level. Pore-water pressure axis is limited to the maximum soil depth at the
location.)
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Figure 4-10: Rainfall and consequent perched water level response of three piezometers in
‘hollow’ like locations from 21 June 2007 12.00 am to 23 June 2007 11.00 pm

However timing of the influx point and the attenuation of the pressure wave,
especially the later was significantly different which may be attributed to the local
complexities such as topography, soil depth and presence of soil macro pores and bed
rock fissures (Iverson and Major, 1987). P3 and P7 were similar in their response to
fluctuations in rainfall, while P5 showed a delayed response. P7 shows much more
fluctuations than P3 which may be attributed to the local characteristics such as
preferential soil pores that drain through the sub surface. Such soil pipes route
subsurface water causing rapid soil saturation and PWL fluctuations (Putty and Prasad,
2000; Taro, 2004) and are considered as one of the causes of landslide initiation in the
region (Thampi et al., 1992). The pressure wave at P5 was the most regular of the
three. The delayed and more regular trend may be a result of the shallower slope and
the lower ksat at this location.
It could be seen from Figure 4-10 that continuous hydrological response of the
subsurface started between 8.00 and 9.00 pm on 21 June, cause of which was the
uninterrupted rainfall of 4 hrs from the beginning of the rain storm at 5.00 pm on the
same day (cf. Section 4.4.5). From the beginning of this continuous subsurface
response at 8.00 pm to the beginning of the critical time (6.00 am, 22 June) ten hours
later, the PWL values remained high. This persistence of high PWL required high
quantity rainfall events, most of which totalled >5 mm every hour.
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Although it does not confirm that high pore water pressure was indeed the
cause of shallow landslides in the region, these results strongly supports the
assumption that there exists an evident congruence between the prolonged and high
intensity rainfall leading to the persistence of critical pore water pressure conditions
and the occurrence of shallow landslides. This observation was also in line with the
findings from elsewhere in the world by Crozier (1986) and Nilsen (1986) and agrees to
the observations by Thampi et al. (1998) for the region. Given the fact that the rainfall
threshold of ‘30 cm in 2 days’ set by Thampi et al. (1998) was an overestimate (proven
in Section 4.4.4) and in light of these results, it could be concluded that a continuous
rain spell lasting 14 hours (21 June, 5.00 pm to 22 June 2007, 6.00 am) amounting to
15.22 cm is sufficient to cause high pore water pressure conditions and consequently
landslides in the catchment. Yet, it is too farfetched to say that all such rain spells
resulting in the persistence of high PWL will cause landslides in the catchment.
As the hydrological representativeness of the instrumentation was proven the
data could be used to understand the temporal response characteristics of the slopes
and identify the most congruent and consistent data period. The results of the time
series analysis of RF vs PWL are provided in Table 4-7. All the correlograms are
provides in Appendix 5. Data from all instruments were not commonly available from
SWM 2007 to PM 2009 (cf. Table 4-1 for the period of observations at individual
piezometers). Measurements at all piezometers showed a positive correlation and a
negative lag with rainfall as was expected. Instruments at lower altitudes showed
poorer CCF with the rainfall at AWS compared to those in the higher altitudes although
no clear decline or increase in the PCC with reference to altitude was discernable. This
poorer response may also be due to the soil depth at lower altitudes which was
relatively deeper compared to those in the higher altitudes. The PCC showed a weak
relationship with upstream catchment area; with increasing catchment area the PCC
declined. This may be due to the fact that the larger the upstream area, the larger was
the variability in the parameters that influence the generation of PWL at the
measurement location. The strongest relationships were observed during the NEM
2007, PM 2008 and PM 2009 with an average PCC of 0.3 and an average lag of -6 hrs.
During summer months most sensors remain dry and single rainfall episodes pressure
pulses only at instruments in the highest altitudes.
Considering the entire data, the one that yielded the most consistent and
congruent data with reference to RF was P7 (PCC 0.6, lag -1 hr), followed by P3 (0.5, -1
hr) both of which were installed in hollows. This strong relationship may partly be
attributed to the location specific low vegetation cover (cf. Table 4-1) resulting in low
rainfall interception and relative proximity of these hollows to AWS. Both the
instruments were located right at the foot of the exposed bed rock scarp faces on
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relatively steep slopes with accumulated colluvium of >1.5 m. The data from the third
(P5) and the fourth hollow (P11) showed a relatively weaker relationship compared to
the other two.
Table 4-7: Time series statistics and descriptive statistics of rainfall vs perched water level
L ID

P1

P2

P3

P4

P5

P6

P7

Season

PCC

EOP
SW 2007
NE 2007
PM 2008
SW 2008
NE 2008
EOP
SW 2007
NE 2007
PM 2008
SW 2008
EOP
SW 2007
NE 2007
PM 2008
SW 2008
NE 2008
PM 2009
EOP
SW 2007
NE 2007
PM 2008
SW 2008
NE 2008
PM 2009
EOP
SW 2007
NE 2007
PM 2008
SW 2008
NE 2008
PM 2009
EOP
SW 2007
NE 2007
PM 2008
SW 2008
NE 2008
PM 2009
EOP

0.28
0.31
0.51
0.30
0.30
0.60
0.22
0.16
0.27
0.31
0.25
0.46
0.43
0.65
0.60
0.56
0.09
0.60
0.19
0.15
0.21
0.11
0.23
0.21
0.15
0.21
0.25
0.40
0.30
0.38
0.60
0.16
0.16
0.15
0.19
0.15
0.60

HL
-1
-1
-1
0
-1
-47
-2
-1
-2
-1
-2
-1
-1
-1
-1
-1
-25
-1
-13
-27
-12
-6
-15
-47
-25
-2
-5
-2
-1
-3
Not Significant
-1
-7
Not Significant
-7
-8
-8
Not Significant
-13
-1

HLC
5
1
2
4
3
2
48
49
48
19
48
49
45
49
1
49
0
1
37
23
38
44
35
3
25
28
19
2
2
10
2
49
43
42
42
37
49

Water Level (m)
Max

Avg

STD

1.124
0.312
0.963
0.506
1.124
0.221
0.161
0.161
0.113
0.136
0.136
0.680
0.646
0.366
0.680
0.489
0.398
0.569
1.242
1.077
1.005
0.954
1.242
1.124
0.856
0.764
0.764
0.113
0.153
0.647
0.113
0.083
0.868
0.737
0.756
0.811
0.868
0.522
0.437
1.202

0.011
0.010
0.006
0.004
0.020
0.092
0.023
0.067
0.009
0.002
0.032
0.010
0.033
0.005
0.003
0.014
0.003
0.004
0.209
0.598
0.141
0.031
0.508
0.508
0.041
0.004
0.009
0.002
0.006
0.006
0.005
0.0004
0.144
0.083
0.169
0.113
0.429
0.057
0.025
0.035

0.029
0.013
0.027
0.011
0.040
0.014
0.038
0.046
0.025
0.012
0.037
0.045
0.086
0.021
0.029
0.043
0.023
0.018
0.358
0.353
0.306
0.148
0.426
0.373
0.167
0.035
0.069
0.007
0.007
0.048
0.005
0.003
0.238
0.209
0.259
0.219
0.229
0.141
0.087
0.116
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P8

P9

P10

P11

P12

P13

SW 2007
NE 2007
PM 2008
SW 2008
NE 2008
PM 2009
EOP
SW 2007
NE 2007
PM 2008
SW 2008
NE 2008
PM 2009
EOP
SW 2007
NE 2007
PM 2008
SW 2008
NE 2008
PM 2009
EOP
SW 2007
NE 2007
PM 2008
SW 2008
NE 2008
PM 2009
EOP
SW 2007
NE 2007
PM 2008
SW 2008
NE 2008
PM 2009
EOP
NE 2007
PM 2008
SW 2008
EOP
NE 2007
PM 2008
SW 2008

0.60
0.70
0.70
0.70
0.60
0.24
0.068
0.36
0.29
0.32
0.37
0.15
0.17
0.15
0.12
0.23
0.13
0.23
0.15
0.23
0.16
0.15
0.054
0.13
0.24
0.33
0.29
0.32
0.30
0.06
0.33
0.33
0.44
0.28
0.39
0.10
0.49
0.10
0.031

-1
-1
-1
-1
Not Significant
-1
-4
-4
-4
-3
-5
Not Significant
-3
-7
-11
-9
-7
-10
Not Significant
-13
-28
-18
-9
-34
-28
-10
-26
-3
-12
-5
-1
-5
0
-2
-4
-6
-2
-4
-1
-1
-2
-43

29
14
8
11
12
46
7
46
13
45
37
43
39
41
43
40
37
22
32
41
49
22
28
24
47
27
45
13
45
1
14
32
10
7
11
6
1
7
0

1.190
0.965
1.202
1.038
0.968
1.021
0.785
0.702
0.401
0.416
0.785
0.016
0.289
0.391
0.361
0.287
0.315
0.391
0.353
0.269
0.643
0.643
0.527
0.558
0.625
0.480
0.583
0.599
0.542
0.536
0.545
0.599
0.477
0.380
0.418
0.282
0.418
0.408
0.318
0.257
0.318
0.004

0.113
0.019
0.016
0.046
0.005
0.011
0.024
0.044
0.018
0.005
0.063
0.007
0.011
0.119
0.242
0.133
0.038
0.248
0.124
0.009
0.124
0.306
0.076
0.059
0.227
0.053
0.082
0.034
0.146
0.041
0.005
0.109
0.016
0.002
0.008
0.003
0.007
0.113
0.002
0.004
0.005
8.3e-05

0.191
0.087
0.080
0.124
0.056
0.063
0.072
0.099
0.059
0.029
0.121
0.005
0.025
0.116
0.033
0.959
0.083
0.038
0.093
0.042
0.178
0.155
0.145
0.135
0.186
0.111
0.170
0.098
0.158
0.107
0.030
0.154
0.063
0.019
0.032
0.022
0.025
0.045
0.009
0.006
0.013
0.0004

EOP: Entire observation period; cf. Table 4-1 for the entire observation period of individual loggers. Data
after 6/01/2009 00:00 not used for analysis; L ID: Logger ID; PCC: Peak cross-correlation coefficient; HL:
Hours of lag to PCC; HLP: Hours from PCC to loss of significance of the correlation

In order to assess if this relative weakness was due to the relative amount of
rainfall received at the locations, the CCFs between data from logger id 3 and 11 and, 7
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and 11 were derived. This showed a strong relationship ranging between 0.6 to 0.8,
and an average lag of -1 hrs for most seasons that measurements were conducted for.
This confirms that the lack of strong relationship between RF and PWL in the southern
hollow could be attributed to the relatively lower amount of rainfall that this subcathcment receives as against the rainfall at AWS and the loggers 3 and 7. This also
supports the assessment that lower altitudes in the catchment receive lower amounts
of rainfall (cf. Section 4.4.2). The -1 hr lag of the PWL in the northern hollows with
reference to the southern hollows implies that the rain storms reaches the northern
hollows about 1 hr before they reach the southern hollow. The poorest relationship
was for the data retrieved from logger 13. This was one of the closest WL loggers to
the AWS and thereby would expect to show a higher correlation. This lack of strong
relationship may be partly attributed to the relatively small upstream area under dense
vegetation cover (mature rubber) that it represents. Most other relationships ranged
between these extremes. In the wettest period both percolation and later flow may be
acting on generating the pressure waves recorded, while during the warmer months
consecutive wetting and percolation may be the only process leading to the generation
of pressure waves, especially in the deeper sensors. Anomalous behaviour was quiet
common especially during the PM and NEM seasons, probably owing to the convective
rainfall that concentrates only on some pockets in the catchment. Relative variability of
PWL at different soil depths in a location was not assessed as available field evidences
show that the failure boundary was most often at the contact between the bed rock
and the soil layer.
The wide variability in the results derived from the CCF analysis confirms the
fact that rainfall and consequent pore water pressure distribution in the shallow
landslide prone Western Ghats scarp lands are highly variable in time and space
making it difficult to conduct predictive modelling using generalized data or models.
Based on the time series analysis (cf. Table 4-7) it was evident that the most consistent
and congruent data were for the seasons NEM 2007, PM 2008 and SWM 2008. The
average time lag of perched water level response to rainfall for the entire
measurement period was -6 hrs.
4.5.2.

Discharge

The velocity measurements were conducted below the Adukkam Bridge which
had a concrete base at an average depth of 50% to 60% below the surface of the flow.
Applying the calibration sheet that accompanied the current meter and the stage
height measured corresponding to the time of the velocity measurement a rating curve
was prepared using standard cross section technique. Traditionally a power law
relationship is used in the Indian catchments (DHV Consultants et al., 1999). However,
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a preliminary water balance estimate for the entire observation period showed that
the power law overestimated the low flows resulting in a hydrological mismatch with
the total available water equivalent of RF. Hence a 2nd order parabolic type curve was
fitted which showed an R2 of 0.94.
The overestimation by the power law relationship was as high as about 34%
compared to the Q estimated using the parabolic curve. Given this, the Q derived from
the parabolic rating curve was used for the study. Figure 4-11 shows the parabolic
rating curve used for deriving the hydrograph. Some amount of error may have
occurred in this measurement given a rough bed which may cause turbulence in the
flow and the measurements may not have been exactly 60% below the surface of the
flow. However the amount of error might be negligible considering the total amount of
water draining through the outlet especially during high flows. Table 4-8 shows the
seasonal and time series statistics of RF, ETo and Q in water volume from 29 August
2007 19:00 to 01 June 2009 0:00. Figure 4-8 shows the simple graphical analysis of the
hourly RF, ETo and Q for the entire observation period.
Table 4-8: Seasonal and time series statistics of rainfall, potential evapotranspiration and
discharge
Season
V
Sum
RF-Q-ET
PCC
HL
HLP
RF
59.55
EOP
ETO
18.14
-8.63
0.45
49
Q
50.04
RF
7.19
SWM07
ETO
0.47
-1.25
0.54
33
Q
7.97
RF
6.84
NEM07
ETO
2.74
-2.57
0.50
49
Q
6.67
RF
10.45
PM08
ETO
4.74
-1.34
0.50
49
-1
Q
7.05
RF
24.09
SWM08
ETO
2.37
2.31
0.55
49
Q
19.41
RF
1.55
NEM08
ETO
2.52
-4.35
0.35
49
Q
3.38
RF
9.42
PM09
ETO
5.29
-0.23
0.38
49
Q
4.36
3

2

All values in Mm ; Area of the catchment: 9351700 m ; V: Variable; HL: Hours to lag; HLP: Hours from PCC
to loss of significance of the correlation
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Figure 4-11: The rating curve for the Aruvikkal catchment

The budgets mismatched by about 8.63 Mm3 considering the entire period of
observation. The errors in the estimate of all the three measurements may have
propagated into these results. The sources of anomaly depend on the season of
observation. The mismatch during the PM seasons was mostly because that the ETo
was an overestimate of the evapotranspirational losses during this generally dry
season when the deciduous crops in the region shed their leaves.
The errors in the budget for the NEM seasons were mostly due to the
occurrence of convective rainfall in various pockets of the catchment that does not get
registered in the AWS. The third, fourth and fifth peaks in the hydrograph of NEM 2008
supports this argument (cf. Figure 4-8). A close observation reveals that these peaks
were not represented by equally heavy rainfall events as was the case with the first
and the second peaks in the hydrograph. The data for the SWM of 2007 was only
partial and hence the mismatch. A part of the discharge measured during this season
was from the rainfall preceding the start date of stage height observations (cf. Table
4-1 for the observation periods). The mismatch in the total budget of SWM 2008 may
be attributed to the underestimation of ETo especially during the early part of the
season when there was still a deficit of moisture in the atmosphere (cf. Table 4-2,
relative humidity (RH) minimum of 49%). This seasonal difference in the sources of
errors may have a bearing in attempting to derive a completely closed water balance
of the catchment.
In order to quantify the congruence and consistency of the Q observations
with respect to RF, seasonal cross correlations were derived between the two variables
with a maximum lag of 50 hrs. Figure 4-12 shows the CCF of the RF vs Q for the
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measured seasons. The choice of this maximum lag was based on the empirical
knowledge of RF to Q response as was derived from a simple graphical analysis. The
time series analysis (cf. Table 4-7) of discharge also corroborated the finding that the
most consistent and congruent data were for the seasons NEM 2007, PM 2008 and
SWM 2008. The quick flow response to rainfall is very rapid and hence the total
discharge response shows a time lag of just about 1 hour to rainfall events.

Figure 4-12: Correlograms of rainfall vs discharge for the entire observation period
and for individual seasons
(The dotted lines are the limits of statistical significance, below which the
relationships are not valid)
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4.6.

Conclusions

The characteristics of daily rainfall, particularly the yearly maximum 1-day
rainfall in the study area has neither increased nor decreased in the last 50 years. This
was consistent with the long period regional rainfall trends. Hence an evaluation of the
future long period changes in rainfall extremes using precipitation models was not a
prerequisite to determine the long period temporal probability of shallow landslides in
the study area. Design daily rainfall of 100 year return interval derived using the
Gumbel extreme value plot sufficiently represents the worst case landslide-causing
rainfall scenario possible in the study area. The rainfall of year 1985 showed
characteristics similar to a 100 year return interval design rainfall (cf. Figure 4-6)
although the rainfall on the date of landslide occurrence of this year had only a 16 year
return interval (cf. Table 4-5).
The ‘two days of 30 cm cumulated rainfall’ threshold for shallow landslide
occurrence set by Thampi et al. (1998) was an over estimate. The spatial variability of
rainfall in the region is very high. The higher altitudes may receive in a day 40-150%
more rain than the lower altitudes making a two day cumulated rainfall threshold
derived based on a single event or measurements from a single station practically
redundant for early warning. This variability was more consistently observed during
the NEM seasons when the catchment experiences convective rainfall in pockets.
However, this variability does not cause any significant seasonal variation in the
pattern of relationship between rainfall and the hydrological responses of the
catchment. Only the strength of the relationships (PCC) varies from season to season.
For example in the case of the NEM 2008 despite a low PCC the Q response lagged 1 hr
to the rainfall as was the case with other more wetter seasons (cf. Figure 4-12). Thus
one can conclude that given a rainfall, the discharge of the catchment will respond
within 1 hr.
Variations in the rate of development, the period of persistence and the rate
of attenuation of perched water table in the catchment was significantly influenced by
location specific variables. Most piezometers responded to peak and persistent rainfall
in all the seasons. The average time necessary for a significant response of the perched
water level to rainfall was 6 hrs while during the peak rainy season this response may
lag only by 1 hr or even less. The upper altitude slopes, especially ‘hollow’ like locations
with thin soil and smaller upstream areas respond more rapidly and consistently to
rainfall input. Continuous rainfall of about 4 hrs (21 June, 5.00 pm to 21 June 2007,
8.00 pm) can cause a steep rise in the perched water level up to critical levels in these
regolith filled bed rock depressions and the persistence of this level for ~10 hrs (21
June, 8.00 pm to 22 June 2007, 6.00 am) may lead to shallow landslides (cf. Figure
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4-10). This persistence of high PWL required high quantity rainfall events, most of
which totalled >5 mm every hour (cf. Figure 4-10).
Considering the seasons for which complete data were available (NEM 2007
to PM 2009) and assuming that evapotranspiration occurs at potential rates, there was
an overall discrepancy in the water balance amounting to a total of ~15% of the total
measured rainfall (~559.4 cm). The reason for this overall discrepancy was the interseasonal variability in the spatial distribution of the meteorological variables, especially
potential evapotranspiration and rainfall. The potential rate was an overestimate of
the evapotranspiration loss from the catchment in the PM seasons (~25% more) while
was an underestimate of the loss during the only completely measured SWM (2008)
season (~50% less). The measurement errors also play a part in the total budget
mismatch. The rating curve was more prone to such an error (compared to other
variables measured), given only a single lower order velocity measurement and the
two widely spaced measurements of the highest order (cf. Figure 4-11). This error will
be more significant in the estimate of the peak and low flows, however may be
negligible given the total discrepancy due to the inter-seasonal spatial variability of the
meteorological variables.
Daily total rainfall values at a single location cannot be used for setting
landslide early warning thresholds in such catchments along the Western Ghats scarp
faces. Long term fine resolution spatially distributed rainfall data (at least hourly) and
associated landslide inventory are necessary to estimate a realistic rainfall threshold
exceeding which the catchment may experience shallow landslides. However, as not all
rain spells with the same intensity or amount causes the persistence of critical levels of
perched water table that may lead to landslides, rainfall thresholds will have to be
coupled with local thresholds of slope hydrological responses such as for soil moisture
(eg., (Baum and Godt, 2009)) or pore water pressure at representative hollows. The
practical limitation of not having such rainfall and soil hydrological measurements can
partly be overcome by the use of physically-based slope-stability models (van Westen
et al., 2005) for which fine resolution spatially distributed perched water table
measurements (Simoni et al., 2004) and discharge hydrographs are useful calibration
data (Bathurst et al., 2009). Based on the time series analysis of the measured
meteorological and hydrological data the most congruent and consistent observations
useful for the calibration and validation of the model was NEM 2007, PM 2008, SWM
2008 and PM 2009. A baseflow separation was not attempted in this study. However,
an earlier analysis by Thomas (2010) revealed that baseflow shows an average time lag
of 12 hrs to rainfall events. Thus to capture the hydrological responses that lead to
shallow landslide occurrence in the catchment, the hydrology model should be able to
predict these responses with a temporal accuracy of at least 6 hrs.
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6

Translation: It's land that bears pressing burdens, and pays the tax which king demands
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5.1.

Introduction

The triggering factors of slope instability such as pore water pressure and soil
moisture content are often transient in nature (cf. Chapter 4) and are governed by
both extrinsic (rainfall, snow melt etc.) and intrinsic factors. The intrinsic factors
change only gradually over time and can be considered as preparatory factors (Crozier,
1986). These factors include topography (specifically, elevation, slope, areas of
convergence and divergence), soil properties (specifically, mechanical and hydrological
properties) and the bed rock characteristics (specifically, presence of fissures, presence
of weathered layer, rate of seepage etc). In this ‘anthroposcene era’ the state of these
factors at a given time is mainly determined by the land use (Zalasiewicz et al., 2010).
As described in Section 3.4, the study area has been subjected to constant
anthropogenic activities such as the terracing of the slopes (cf. Figure 2-5) since 1800s.
However, in order to determine the overall effects of these land use changes on slope
stability, associated historical quantitative data pertaining to the preparatory factors
mentioned above are necessary. A field campaign was conducted during 2006-2008 to
improve and acquire new data pertaining to some of the parameters to which the
model showed significant sensitivity (cf. Sections 3.9.1 and 3.9.2).
The attempt was to improve the topographic representation by using
stereoscopic satellite imagery for deriving higher resolution DEMs, generate land
use/land cover maps of the catchment that represents the transition of land use from
the beginning of 20th century to present, improve the spatial representation of the soil
properties and improve the quantification of root induced cohesion. As the model
showed high sensitivity to both soil depth and root induced cohesion (cf. Section 3.9),
focus was on establishing a pragmatic method for the spatial interpolation of soil
depth and to better (than as described in Section 3.5.4) quantify the plant root
characteristics such as root tensile strength, root pullout strength and root area ratio
which determines the root reinforcement available (Waldron and Dakessian, 1981).
5.2.

Topography

The original DTM used in Chapter 3 had a spatial resolution of 20 by 20 m (cf.
Table 3-2 for source). The improvement of the DTM was a necessity for the overall
improvement of the results as suggested in Section 3.10. One has to decide the
representative elementary area (REA) for simulating any natural process, because it
influences the structure and the characteristic of the database and the reliability and
the precision of the analysis (van Westen et al., 2000). Sensitivity of the model will vary
over the areal extent being considered. If to simulate and arrive at meaningful results
for a small area, the necessary accuracy of measurements and observations required
are too fine to achieve in a limited time. If modelled for a very large area the variability
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of factors will be too large to justifiably accounted for, let alone other issues such as
computing time and data availability. Thus an optimal REA, defined by the spatial
resolution of the digital terrain model, needs to be a priority for grid wise physicallybased modelling of earth surface processes.
The only source of affordable improvement was to use satellite data based
terrain models. Given that such terrain models contain the land cover, they are
essentially digital surface models (DSM). A DSM based on CARTOSAT 1 stereoscopic
data (acquired on 18 November 2007) was derived using Leica Photogrammetric Suite
with the Rational Polynomial Coefficients (RPC) file that accompanied the imagery and
additional enhancements by eleven widely distributed ground control points acquired
using a DGPS survey for the entire scene area and break lines along all the major
streams and major ridge lines in the study area (Martha, 2008). This DSM had a spatial
resolution of 10 by 10 m. A simple accuracy assessment conducted using the height
values of fifty triangulation points and bench marks derived from the topographic
sheets showed that the overall vertical error of the DSM (RMSE) was 6 m. However as
most of these reference points were at non-vegetated pixels this value of accuracy may
not be consistent throughout the image.
The overall error in the estimate of the topography was much higher (as high
as 11.8 m) in the vegetated areas when assessed using 10 widely distributed points
within the study area. This was due to the fact that no attempt was made to reduce
the derived DSM to a DTM given the lack of any generic and standard procedures for
conducting this. In order to compare the DSM with the DTM, the hypsometric curves
and integrals were derived from each of them exclusively for the study area part using
CalHypso (Pérez-Peña et al., 2009). A comparison of the descriptive statistics of the
topographic parameters derived from the DSM and the DTM are provided in Table 5-1.
Table 5-1: Comparison of the descriptive statistics of the topographic parameters derived from
the DSM and the DTM for the Aruvikkal catchment
Statistics
Mean
Range
STD

Alt (m)

Slp (%)

WI

Curv

Asp

DSM

DTM

DSM

DTM

DSM

DTM

DSM

DTM

DSM

DTM

436
60 1001
241

597
50 1114
271.7

53.1
0.12
- 200
33.7

50.1
0.3 184.7
23.0

7.8
2.7 20.9
1.7

8.7
5.6 20.7
1.5

0.1
-3.9 3.7
1.4

0
-3.9 3.7
0.7

176
0.04
- 360
72.7

174
0360
84.4

Alt: Altitude above mean sea level; Slp: Slope; WI: Wetness Index; Curv: Curvature; Asp: Aspect

A non-absolute hypsometric curve (area-altitude curve) often has an s-shape
and plots the proportion of total basin height against proportion of total basin area,
both in a scale of 0 to 1. The hypsometric integral is equivalent to the ratio of area
under the hypsometric curve to the area of the entire square within which it is plotted
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(Strahler, 1952). The hypsometric integral is a good single value for the comparison of
the two topographic data as a given value of it is unique to a given shape of the
hypsometric curve. The slope and curvature was marginally overestimated by the DSM.
Figure 5-1 shows the cross-sectional topographic profile of the basin,
generated from the DSM. The landform of the basin can be divided into five broad
classes they being 1) plateau, 2) scarp faces, 3) mid-hill, 4) foothill and 5) valley. The
slope of the terrain was
steep to very steep
(>150%) along the midhill and just below the
plateau edge and almost
flat on the valley down
to the Aruvikkal bridge.
Scarp faces, mid-hill and
foot hill are the most
dissected terrain in the
catchment due to the
presence of terraces and
numerous
ephemeral
streams. Channelled and
un-channelled hollows
are mostly seen in these
landform units. The
valley floors, below the
knick point altitude are
often not terraced and
are traversed by well
defined streams that
flow through exposed
Figure 5-1: Topographic profiles of the basin
bed rock surface. No
landslides were noticed below the altitude of the knick point.
The values of the hypsometric integrals of the DSM and the DTM were 0.40
and 0.38, respectively. Given the similar integral values it could be concluded that the
DSM captures the terrain characteristics as much as the DTM. Although the cross
profile (NE-SW) do show step like fluctuations, they necessarily do not represent the
terraces in the catchment. All terraces are <10 m in width (less than the spatial
resolution of the DSM) and <2 m in height (less than the 11.8 m vertical accuracy of the
DSM). Despite the overestimation of the slope (cf. Table 5-1) and the fact that it does
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not offer an improved representation of the terraced terrain or the bed rock
depressions, the DSM was preferred over the DTM given its finer spatial resolution and
the overall preservation of the terrain characteristics, almost as good as the later.
Delineating the study area boundary was a challenge. Both the derived DSM
and the band 1 of the image were used to visually delineate the boundary. The
boundary was fuzzier along the east and the north along the plateau. Three separate
delineations were carried out. The maximum difference between them in area was
about 5.5%, of which the closest in area (9.35 km2) to that derived from the
topographic sheet (9.5 km2) was used throughout the study, including in Chapter 4.
5.3.

Land use

Data on land use from 1913 to 2008 was available for few instances from
various sources (cf. Appendix 6 for sources); nine major land use classes could be
identified (Table 5-2). The 1913 topographic sheets had no boundaries of major land
uses. But village records and cadastral maps had clear indications of the land use
during that period a combined use yielded the land use map of 1913. Satellite images
were visually interpreted and the accuracy of the interpretation was assessed for the
map prepared from the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) image of 31 January 2007. For this purpose training samples were
collected during the 2007 field survey. The results showed that the classification was
capable to secure an overall accuracy of 74% for 9 classes. The 2007 map was updated
to the 2008 scenario based on the Satellite Pour l'Observation de la Terre (SPOT)
derived natural colour composite of 2008 extracted from Google Earth®. Figure 5-2
shows the land use maps of four selected instances between 1913 and 2008, used for
the rest of the study. These maps were converted to 10 m by 10 m raster format, so as
to match the spatial resolution of the DSM. Table 5-2 shows the land use area statistics
derived for these instances. The rock and grass and rock land use for all periods were
based on the SPOT image.
The 1913 topographic map was prepared from the topographic survey
conducted between 1905 and 1913 and thus represents the early part of the 20th
century (1900 to 1930) during which the main land use of the region was mixed crops
and forest. No plantation type cultivation prevailed in the study area during this
period. The forests of the area were mostly moist deciduous in nature, with trees such
as jack fruit (Artocarpus heterophyllus), mango (Mangifera indica), teak (Tectona
grandis), gambooge (Garcinia gummi-gutta), mahaganoy (Swietenia mahogany), Indian
kino tree (Pterocarpus marsupium) and vatta (Macaranga indica) dominating the
upper strata canopy. The mixed crop areas were planted with a mix of home garden
timber, spices and food crops, including the tall trees that commonly occur naturally in
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the forest areas and coffee (Coffea Arabica), arecanut (Areca catechu), lemon (Citrus
sp.), guava (Psidium guajava), cassava, black pepper (Piper nigrum), arrowroot
(Maranta arundinacea), yam (Dioscorea sp.), taro (Colocasia esculenta) and drumstick
(Moringa oleifera) (Kumar and Nair, 2004). Vetiver (Vetiveria izanoides) and lemon
grass (Cymbopogon citratus) naturally occur in the region but were also harvested for
their medicinal value, with the later occurring more commonly in the grass and rock
areas (Peyre et al., 2006). The anthropogenic activity was minimal during this period;
evident from the low value of area under settlements (cf. Table 5-2). The multilayer
canopy of home gardens and the forest ensured protection of the soil from the direct
impact of raindrops and the dense root system bonds the soil, as a positive
consequence of which erosion (Nair and Sreedharan, 1986) and presumably slope
instability too, was low during this period. However with increased commercialisation
such crops did not assure a stable income. Due to higher cultivation costs, labormanagement issues and the shift of land to meet population needs such as housing
and infrastructure, plantation cash crops such as coconut (Cocos Nucifera) and coffee
received increased attention (George and Chattopadhyay, 2001; Peyre et al., 2006).
Rubber was introduced as a plantation crop in the study area in altitudes below 500 m
between 1910 and 1930 (Rao et al., 1990; Souvenir Committee, 1982) and it became
the dominant crop in the study area between 1930 to 1950, given the global demand
assuring a stable income and tax subsidies from the government (George and
Chattopadhyay, 2001; Kumar, 2005).
Table 5-2: Land use area (km2) statistics for 1913, 1973, 2001, 2008 and crops factors applicable
Landuse
1913
1973
2001
2008
kc (-)
Mature rubber (MR)
1.54
1.89
3.34
1.25
Young rubber (YR)
1.71
2.19
0.41
1.0
Fallow land (FL)*
0.06
0.23
0.55
0.5
Mixed crops (MC)
4.42
2.26
1.24
1.25
1.1
Rock (R)
1.00
1.00
1.00
1.00
0.2
Settlement (S)
0.05
0.16
0.20
0.20
0.2
Degraded forest (DF)
1.26
1.33
1.34
1.1
Grass and rock (GR)
1.27
1.27
1.27
1.27
0.5
Forest (F)
2.62
1.25
Total catchment area
9.35
*Fallow lands are mixed crops or rubber grown areas which are temporarily cleared of vegetation cover
due to crop cycle.

No piece of land in the study area was any more devoid of anthropogenic
intervention ever since this period. Part of the forest area that was not directly
cultivable was culled of trees with timber value consequently creating a new land use
class, the degraded forest. Thus the long term change of the land use from the forest
and home garden crop land use to the plantation land use occurred in the study area
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during 1910 to 1930, except along the mountain ridges owing to unfavourable climatic
conditions and insufficient soil depth.

Figure 5-2: Land use maps of 1913, 1973, 2001 and 2008

The first instance that a map was available for this changed land use was from
the 1:50,000 topographic sheet of 1970 (cf. Appendix 6). This map contained only
abstract boundaries and hence was updated to the 1973 condition based on the MSS
data and some cadastral maps which yielded a more detailed classification. The
introduction of RRII 105, a high yielding rubber species, in the 1980’s motivated even
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small holding (<0.5 ha) farmers to convert from mixed crops to rubber plantations
(Peyre et al., 2006; Rajasekharan and Veeraputhran, 2002).

Figure 5-3: Examples of land use in the Aruvikkal catchment. A) Mature rubber (07
Sep), B) young rubber (07 Sep) with pineapple (Ananas comosus) as intercrop, C) a
recent fallow land replanted with rubber saplings (note that the ground is
comparatively barren; 07 Jan), D) degraded forest in a hollow (08 Oct), E)
grassland and rock (07 Sep), F) a recent fallow land replanted with rubber saplings
(note that the terraces are not maintained; 07 Sep), G) rock outcrop (note dense
shrubs that grow along the rock fissures; 07 Sep), H) Mixed crops with coconut and
banana (07 Sep), I) A house classified as settlement (07 Sep)

The 2001 land use map represents this changed land use condition visually
mapped from an ETM+ false colour composite (FCC). So also, some part of the young
rubber became matured rubber during this period. The settlement area also increased
with most of the road networks being black topped. The 2001 land use map represents
the epitome of anthropogenic activity in the study area. Between 2001 and 2008 most
of the changes were in the specific state of the rubber grown area - whether mature
rubber, young rubber or fallow land and thus represents the short term changes that
come about to the generally rubber grown areas. Figure 5-3 shows some examples of
the land use in the study area. It has to be noted that as described in Section 3.4 the
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land use maps with 10 m spatial resolution may not be adequate enough to represent
the actual scale at which vegetation cover or the bondage of soil by the vegetation
roots interact with landslide triggering mechanisms. Generating any higher resolution
maps than this was not feasible for the study area as even the highest resolution aerial
photograph available was 1:15,000 in scale and was available only for the 1970s.
However, it was valid to assume that the changes and intensity of land use have
decreased the shear strength of the slope materials and have significantly altered the
sub-surface hydrological regime, which could be the prime cause of the more frequent
occurrence of shallow slope failures in the study area in the recent past (cf. Table 3-4).
5.4.

Soil Properties

Representation of soil properties is a key problem in the use of physicallybased slope stability models for hazard assessment (Guimaraes et al., 2003). This was
reiterated by the earlier attempt to use STARWARS+PROBSTAB in a data poor setting,
based on the conclusions of which (cf. Section 3.10) seven soil properties were
identified as essential for deriving a more accurate hazard assessment. These were, soil
depth vertically from topographic surface to bed rock (SD), saturated hydraulic
conductivity (ksat), infiltration rate, soil water retention curves (SWRC), porosity (η),
bulk density (ρ), cohesion (c) and angle of internal friction (φ). Much of the emphasis
was on predicting soil depth given the relative importance and difficulty in obtaining
and accurate spatial estimate of this parameter. All other parameters were
interpolated spatially using the simplest possible method arbitrarily decided depending
on the number of samples and the relative sensitivity of the model towards these
parameters. It may also be noted that only the top soil layer (within 30% of the SD)
properties were estimated due to lack of time, means and resources to conduct such
an extensive survey.
However the number of samples collected to analyze the soil physical
properties except soil depth was not enough to make a validation sub-set and hence
an effort was made to validate the interpolation results by applying the Leave-OneOut-Cross-Validation (LOOCV) technique as suggested by Brovelli et al. (Brovelli et al.,
2006). A 10-fold iteration was carried out on each of the interpolated results except
that of soil depth and the results were averaged to get the accuracy of the interpolated
maps. Accuracy was assessed by comparing the values of the root mean square error
(RMSE), coefficient of determination (R2) (Nash and Sutcliffe, 1970), correlation
coefficient (CC) and mean error (ME) between the observed and predicted values of
soil properties at the validation data locations; except for the soil depth for which the
accuracy assessment was conducted with an independent validation data set.
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5.4.1.

Soil depth

Regolith depth, often referred to by geomorphologists and engineers as soil
depth, is defined as the depth from the surface to more-or-less consolidated material.
Soil depth characterises landscapes by influencing vegetation growth (Fuhlendorf and
Smeins, 1998; Meyer et al., 2007) and hydro-mechanical responses of the slopes
(Bertoldi et al., 2004; DeRose et al., 1991; Wang et al., 2006). Despite being a major
determinant of the rate of earth surface processes such as landslides and soil erosion,
most studies have ignored its spatial variability by using constant values over
generalized land units in their analysis (Bakker et al., 2005; Bathurst et al., 2007; Talebi
et al., 2008). This is in part due to the unavoidable fact that it is impossible to observe
and map soil depth directly; by definition the bottom of the regolith is hidden from
view. Soil depth varies as a function of many different factors, including slope, land
use, curvature, parent material, weathering rate, climate, vegetation cover, upslope
contributing area, and lithology (Dietrich et al., 1995; Minasny and McBratney, 1999).
Methods to map soil depth over an area can be classified as (1) physically-based, (2)
empirico-statistical from environmental correlates, and (3) interpolation from point
samples.
Physically-based methods predict from physical rates of weathering,
denudation and accumulation, and from physical properties of the regolith or
underlying consolidated rock. Dietrich et al. (1995) proposed a method for spatiotemporal prediction of colluvial soil depth based on the mass balance between soil
production from underlying bedrock and soil transport by erosion. This method was
successfully validated in a sub-catchment in California (Heimsath et al., 1999).
D’Odorico (2000) and Minasny and McBratney (1999) also proposed similar soil
production functions based on weathering rates and soil transport by erosive
processes. However, the human-induced reorganization of soil in the study area
determines soil depth in the cultivated slopes and thus also limits the applicability of
any generic pedogenesis functions for soil depth predictions.
Empirico-statistical methods predict the spatial continuum of soil depth as a
deterministic phenomenon (with random, spatially-uncorrelated error) based on
empirical relationships established in feature (attribute) space with a set of
independent variables which can be measured or estimated at each point in
geographic space. They are of two types: inferential and environmental correlation.
Inferential methods use indicators such as plant species to estimate the mean
soil depth in an area covered by the indicator (Treiber and Krusinger, 1975, 1979). This
method is applicable only in areas with a dominant species and where the soil depth indicator species relation is known. Inference can also be based on soil map units,
using within-class statistical summaries of observed depth for each class. These
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methods necessarily ignore spatial continuity. Many researchers in land surface
processes have resorted to using soil depth maps with crisp class boundaries based on
inferential methods for the simulation of soil erosion and plant growth (Bakker et al.,
2005; Barbiéro et al., 2007; Fuhlendorf and Smeins, 1998; Jasrotia and Singh, 2006).
Environmental correlation methods use non-soil landscape attributes as
predictors of soil depth, usually in multivariate linear or logistic regression models.
Predictors are usually terrain attributes, e.g. digital terrain model (DTM), slope,
curvature (DeRose et al., 1991; Okimura and Kawatani, 1987; Tsai et al., 2001),
compound terrain index (Wetness Index; WI or CTI) (Boer et al., 1996; Gessler et al.,
1995; Saulnier et al., 1997) and relative position of the sampling location on the
hillslope (Catani et al., 2007). Canonical correspondence analyses (Odeh et al., 1991),
expert knowledge and fuzzy logic (Zhu et al., 2001), principal component analysis and
maximum likelihood classification (Boer et al., 1996) and multiple linear regression and
maximum likelihood classification (Ziadat, 2005) have also been applied to predict soil
depth. Interpolation based on point samples can be non-geostatistical or geostatistical.
Non-geostatistical interpolation methods (e.g. Thiessen polygons, inverse distance) do
not need any theory of random fields; thus they cannot provide prediction variances.
Thampi et al. (1998) used inverse distance interpolation to derive isolines of soil depth
and grouped the results to class intervals within terrain mapping units that were
adjusted to geomorphic units. Mendonça Santos et al. (2000) used TIN interpolation
and a quadratic finite element method to derive the spatial variation of soil horizons in
Fribourg, Switzerland. These methods produce soil depth maps that have discrete
boundaries or else are continuous fields but not based on explicit models of spatial
structure. Thus for spatially continuous modelling of earth surface phenomena they
are theoretically inadequate, although in specific cases models based on them may
give adequate results.
Geostatistical methods use the spatial autocorrelation of a phenomenon,
based on the theory of random fields, to interpolate it over an area (Goovaerts, 1997).
There are three kinds of geostatistical methods that have been used to map soil depth:
purely geostatistical, geostatistical with geographic trend, and geostatistical plus
environmental correlates. Pure geostatistical methods interpolate the target variable
relying solely on point observations of the variable itself. A geographic trend in the
coordinates can be incorporated. Finally, the same environmental correlation
mentioned above may be integrated with the geostatistical methods.
Odeh et al. (1995) used heterotopic cokriging and regression kriging to predict
soil depth in a Murray Darling sub basin. Van Beek (2002) used ordinary kriging to
spatially interpolate soil resistivity which was further categorized and merged with
measured soil depth information using an iterative procedure. Penížek and Borůvka
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(2006) compared several geostatistical methods for predicting soil depth and
concluded that co-kriging with slope yielded better results than ordinary kriging,
regression kriging and linear regression. Hengl et al. (2004) compared the spatial
prediction quality of various soil properties using six topographical variables and nine
soil mapping units. They concluded that topsoil depth is best predicted using
regression kriging with the principal components of the logit-transformed variables
altitude, slope, wetness index, mean curvature, stream power index, and viewshed and
soil types, when compared to ordinary kriging and feature-space linear modelling.
Geostatistical techniques are thus known to be capable of producing spatially
continuous soil depth maps (in fact, discretized on a regular grid). The success depends
on the study area and the independent variables used.
5.4.2.

Methods for soil depth interpolation

The focus was to identify a successful geostatistical technique for predicting
soil depth over the continuous space of a small catchment heavily modified by
anthropogenic activity. The success of prediction was assessed by comparing various
indices which quantify the proportion of variability in the data set that is accounted for
by the statistical models used. Terrain attributes such as slope, aspect, curvature and
wetness index (WI) were derived from the DSM. Figure 5-4 shows the topographical
covariates used for predicting the soil properties. Steady state wetness index reflects
the spatial distribution of water flow and thus the accumulation process in a closed
catchment (Beven and Kirkby, 1979) thereby having higher WI values for those pixels
where the local slope is lower. WI was calculated using ILWIS®. Both plan and profile
curvatures were calculated in ArcGIS®; negative values represent concave slopes and
positive values represent convex slopes. Maps of drainage network and road network
were also available from the topographic sheets; these were updated by manual
interpretation of satellite images and by field GPS survey. The distance of every pixel
from the nearest stream segment (DS) was computed using the Proximity function of
ArcGIS 9.2®. The land use map of 2008 (cf. Figure 5-2) was generalized and grouped
into four classes (thought to be related to soil depth) in order to have sufficient
number of observations in each class. The classes were a) Rubber, Young Rubber and
Settlements (LU1), b) Mixed Crops, Fallow land (LU2), c) Grass & Rock and Degraded
forest (LU3) and d) Exposed Rock (LU4). Table 5-3 shows the descriptive statistics of
the soil depth measurements. Field work was conducted in August and September
2007 and August 2008. Because of the rough terrain, purposive sampling of
representative sites was used. Measurements were made along the 15 km road
sections and open pits in which the regolith up to bedrock was exposed. In areas
where no profile sections were exposed, 259 measurements were made by the
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knocking pole method (Uchida et al., 2008): an iron spear was pierced into the soil until
it reached bed rock. Figure 5-5 shows the distribution of sampling locations and
Appendix 7 shows some representative sampling locations. Three situations can arise
with this method, 1) a representative surface to bedrock measurement, 2) an
underestimate, measured only to a rubble layer and 3) a local overestimate, caused by
cracks in the bedrock (Murray, 1999).
Table 5-3: Descriptive statistics of soil depth measurements
Number of points collected using each measurement methods
Road cut
SC & FT
KP
ER
P & OW
Proxy
69
49
76
44
21
17
Distribution of soil depth measurements in each land use class
Soil depth (m)
Land use
A (%)
Tr D
Te D
Avg
SD
Min
Max
Med
LU1
42.19
103
32
1.72
0.79
0.30
3.00
1.50
LU2
19.24
38
12
1.64
0.77
0.25
3.00
1.50
LU3
27.87
32
9
0.73
0.59
0.00
2.00
0.50
LU4
10.70
40
10
0.00
0.00
0.00
0.00
0.00
SC & FT: Slope cut and foundation trenches; KP: Knocking pole; ER: Exposed rock; P & OW; Pits and open
wells; A: Area; Tr D: Training data; Te D: Testing data; Avg: Average; SD: Standard deviation; Med: Median

Appendix 7B shows these three possible sources of errors. Percussion was
done until the bed rock was reached, which could be recognized by the sound of the
knocking pole. The deepest measurement required ~15 minutes; about 20 working
days were required to complete the 259 measurements. In addition to the measured
samples, 17 zero-depth points were mapped so as to represent the bare rock areas (cf.
Table 5-3). The locations of these zero-depth points were determined to be bare rock
areas both based on field work and the land use/land cover map. The sample set was
randomly divided into two parts, 75% as training data and 25% as testing data (cf.
Figure 5-5) using the Create Subset operation within the Geostatistical Wizard of
ArcGIS 9.2®. Four methods were compared for predicting soil depth: (1) feature-space
linear models with environmental predictors (LM), (2) block ordinary kriging (BOK), (3)
block regression kriging with the environmental predictors (BRK) and stochastic
simulation (SRK) with the best BRK model. All kriging predictions were averages of 20
m by 20 m square blocks. Although soil depths were necessarily measured at nearpoints with minimal geostatistical support, most phenomena for which depth is
relevant do not operate at this scale, but rather at some larger blocks. For example,
mass movement is neither observed nor modeled at points, but rather at blocks and so
block kriging was preferred over punctual kriging. Block kriging has the additional
advantage of substantially reducing kriging prediction variance, since spatial variability
smaller than the block size is averaged out. A detailed description of the these
methods can be found in Hengl (2007). LM was implemented (1) with land use
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categories, (2) with all predictors and (3) reverse stepwise regression beginning with all
predictors and removing them one-by-one until the most parsimonious model is
achieved, as evaluated by Akaike’s Information Criterion (AIC). This latter method is an
automatic procedure for statistical model selection in cases where there are a large
number of predictors, and no underlying theory on which the model selection can be
based (Venables and Ripley, 2002).
The optimal model selection in the step method implementation was based
on the minimum Akaike’s information criterion (AIC). All statistical and geostatistical
computations were carried out in the R environment for statistical computing (Ihaka
and Gentleman, 1996) using the gstat package (Pebesma, 2004). LM maps were
produced in ILWIS 3.3 using the equations derived from the linear modelling methods
(lm and step) in R. Accuracy was assessed by comparing the values of the RMSE, RMSE
normalized by the observation range (NRMSE) (Hengl, 2007) and coefficient of
determination (R2) between the observed and predicted values of soil depth at the
validation data locations. A higher R2 indicates a better fit between the observed and
predicted, while lower values of RMSE and NRMSE indicate better prediction accuracy.
For BOK and BRK predictions median kriging prediction standard deviation over the
catchment was also computed. As the feature space linear models and kriging are not
convex predictors, it is possible to obtain values outside the original data range; some
may be realistic but others clearly are not. In particular, negative slope coefficients in
the case of feature space linear models and negative weights assigned to deep residual
depths can result in negative predictions of soil depth, especially in regions near zerodepth observations. These non-physical predictions were converted to zero-depth, i.e.
bare rock, before the map was used for accuracy assessment and further applications.
Another limitation was that the stream network in the catchment was not
incorporated directly into the models and thereby into the kriging procedures; WI is
only a partial substitute. This resulted in unrealistic prediction of soil depth along the
down cutting perennial streams that are devoid of any soil depth in reality. However,
as there were no sampling points within the stream network, the accuracy assessment
was not influenced by the presence and absence of soil depth in those pixels that are
part of the stream network. In addition to modelling with the topographic variables,
principal component analysis was carried out on standardized variables to account for
co-linearity. The results in this case were not better than those using the original
variables and so are not described herein.
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Figure 5-4: Topographical covariates used for predicting soil properties
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Figure 5-5: Soil sampling locations
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5.4.3.

Results of soil depth interpolation

Table 5-3 shows the frequency of soil depth measurements made using each
measurement method, the proportional area of each land use class, the frequency of
training and testing samples in each land use class and the mean and standard
deviation of soil depth in each land use class. Maximum measured soil depth in the
region was 3 m near the catchment outlet (cf. Figure 5-5); average soil depth of the
basin was 1.24 m +/- 0.96. The large variation in soil depth was because of the
presence of in situ residual soil pockets and accumulated deep alluvial soil near the
outlet, as well as bare rock. The residual soil pockets are adjacent to the plateau
margins and most often are topographical hollows. Although all methods yielded maps
representing various realizations of soil depth in the catchment, only the best result is
shown herein.
Feature-space Linear Models
Three linear models were computed: one-way ANOVA on land use class
(LMlu), LM with all variables (LMall) and backwards stepwise LM (LMstall). Table 5-4 (a, b
& c) shows the equations, the corresponding AIC values, the significance of the
intercepts and slopes and the parameters of the residual variograms used for
regression kriging. Residuals from all models were used for BRK. Model results were
compared with the prediction based on ordinary kriging which was based on the null
regression (i.e. prediction by the mean) and with each other. Table 5-5 shows the
statistics and accuracy assessment of the soil depth predictions. Linear models based
on other individual topographical covariates gave poor AIC and thus were not further
used. Model LMlu shows, as expected, that LU4 (exposed rock) have the highest
influence in determining the soil depth of the region followed by LU3 and LU2 (cf.
Table 5-4a). These are contrasted to the effect of LU1 (rubber) which is associated with
the highest soil depths in the region (shown in the model intercept). The AIC of this
model (cf. Table 5-4b) was comparable to that of LMall implying that soil depth in the
region can best be predicted in feature space by land use types, without having to use
additional topographical correlates. The significance (cf. Table 5-4a) of the intercept
and the slope values indicates that each land use class has a significant linear effect on
soil depth. The adjusted R2 of the model was 0.47; i.e. about half of the variance of soil
depth in the catchment was explained by land use. This model could be used to predict
soil depth; however, because the predictor was classified, the resulting map would
show one depth for each class. This being not realistic, such a map was not produced;
instead the model was used to derive residuals for BRK (below).

127

Topography, land use, soil properties and root reinforcement of the study area
Table 5-4: a) Intercept and slope, b) the AIC values of various multiple linear regression equations
used for the regression kriging and c) the nugget, structural sill and range of the three residual
variograms used for BRKlu, BRKall and BRKstall
a) Intercept, slope and significance
LMall
LMstall
LMlu
Pred
Int
Slope
Int
Slope
Int
Slope
Alt
-0.0006**
-0.0006**
Slp

-0.0009″

NA

-

WI

0.0399″

NA

-

DS

0.0006″

NA

Asp

-0.0012*

-0.0012*

Curv

1.7858
*****

0.0915″

LU1

2.1650*
***

NA

NA

-

1.7592*
***

-

NA

NA

LU2

-0.0833″

-0.1197″

-0.3211**

LU3

-0.7326****

-0.7373****

-0.9629****

LU4

-1.4066****

-1.4154****

-1.7592****

b) AIC values
NR

LMall

LMstall

LMlu

595.1

459.9

455.8

459.7

Significance codes: (****) 0 - 0.001; (***) 0.001 - 0.01; (**) 0.01 - 0.05; (*) 0.05 - 0.1; (″) 0.1 – 1

c) Nugget, structural sill and range of the residual variograms used for BRKlu, BRKall and
BRKstall
Mthd
Nugget
Structural Sill
Range
BRKlu

0.32

0.19

390

BRKall

0.38

0.12

710

BRKstall

0.31

0.18

393

WI: Wetness Index; Slp: Slope; Alt: Altitude above mean sea level; Curv: Curvature; Asp: Aspect; Pred:
Predictor; NR: Null regression; Mthd: Method; Int: Intercept

Model LMall achieved an adjusted R2 of 0.49, only a bit higher than the singlepredictor model from land use. The land use dependence of soil depth and the effect
of the topographic variables, even though not significant in the model was evident.
Model LMstall reduced the number of predictors from ten to five with a lower AIC value
but with the same R2 as that of LMall 0.49. Accuracy assessment indicates that LMall was
a slightly better predictor of soil depth than the more parsimonious LMstall (cf. Table
5-5).
Ordinary Kriging on Blocks
Ordinary Kriging (OK) uses the spatial correlation structure of the data to
compute weights for linear prediction from known points. An experimental variogram
(Figure 5-6A) was derived from the testing data set. An isotropic spherical model with a
nugget value of 0.32, range of 1213 m and a structural sill of 0.615 was visually and
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subsequently automatically fitted using gstat to this, and the model was used for OK.
The resultant map matched the general trend of soil depth in the catchment as it
clearly showed that valleys have a higher soil depth than steep slopes. However OK
predictions are by construction smooth and in this case does not represent reality, as
the land use dependence of the soil depth is not reflected in the prediction. Minimum
soil depth in the catchment was best predicted by this method (10 cm) compared to
others; however it underestimated the mean and maximum soil depth; standard
deviation of the prediction is 64 cm which was lower than that of the sample data (cf.
Table 5-3). This method yielded the lowest R2 and highest RMSE and NRMSE (cf. Table
5-5) thereby proving to be the poorest predictor. Kriging also produces a map of the
prediction variance which is determined by the arrangement of sample points and the
variogram model. Prediction variance of this model ranged from about 0.05 to 0.45.
Geostatistical interpolation on block rather than point support results in much lower
kriging prediction variances (Goovaerts, 1999), which are more realistic for predictive
modeling studies. In this case the median kriging prediction variance lowered from
0.52 (punctual) to 0.18 (block). The predictions themselves hardly change, the
maximum being -0.01 m between the punctual and the block methods.
Table 5-5: Statistics
methods
Method
BOK
LMstall
LMall
BRKstall
BRKlu
BRKall
SRKall1
SRKall2
SRKall3
SRKall4

and accuracy assessment of the soil depth (m) predictions by different
Min
0.002
-0.30
-0.31
-0.30
-0.21
-0.37
-0.78
-0.97
-0.72
-1.10

Max
2.77
2.13
2.50
2.71
2.65
3.47
3.15
2.74
2.63
3.36

Avg
1.19
1.32
1.31
1.31
1.33
1.29
1.31
1.17
1.26
1.28

Std
0.64
0.54
0.54
0.59
0.57
0.59
0.63
0.64
0.56
0.72

R2
0.31
0.44
0.47
0.49
0.51
0.52
0.47
0.41
0.43
0.42

RMSE
0.77
0.67
0.66
0.65
0.63
0.63
0.66
0.71
0.69
0.71

NRMSE
0.26
0.23
0.22
0.22
0.21
0.21
0.22
0.24
0.23
0.24

2

Min: Minimum, Max: Maximum, Std: Standard Deviation, R : Coefficient of Determination, RMSE: Root
Mean Square Error, NRMSE: Normalized Root Mean Square Error

Regression Kriging on Blocks
Residuals from LMlu, LMall, and LMstall were used to create empirical
variograms, which were fitted with spherical models (cf. Table 5-4c and Figure 5-6 B, C
& D). As theoretically expected, the nuggets are similar to the original variogram and
the structural sill and range are both much reduced (compare with Figure 5-6A): half
the variability and much of the longer-range dependence was explained by the featurespace linear model and hence not reflected in the variograms. The residual variograms
from LMlu and LMstall showed a steep climb from nugget to sill, while that of LMall had a
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more gradual rise to sill. The gradual rise of the variogram curve of LMall can be
attributed to the presence of variables such as distance from rivers and slope which
has a gradual rise in values, while variables such as land use and aspect vary abruptly in
the region inducing a much steeper rise to the sill with the curves of LMlu and LMstall. In
all three cases the nugget was a large fraction of the total sill, meaning that
unexplained variation dominates after the feature-space effects are removed. These
respective variograms were used in block kriging to predict soil depth with a) land use
as predictor (BRKlu), b) with all predictors (BRKall) and c) with backwards stepwise
method using all predictors (BRKstall).
BRKlu
The boundaries between land uses were evident in the result of BRKlu.
However, within each land use category soil depth varies smoothly; thus the
advantages of both feature-space modelling and local spatial prediction are combined.
The maximum soil depth was underestimated, while the mean was overestimated
(compared with Table 5-3). The prediction variance of this model ranged from 0.070.20. This model was a better predictor than LMstall (cf. Table 5-5). Thus land use
combined with local observations can be used to predict soil depth in this region with
reasonable confidence.
BRKall
Figure 5-7A shows the result of BRKall. This map appeared the most realistic,
based on field knowledge. The dependence of soil depth on land use was well
represented and also was the variation of soil depth within each land use. Influence of
altitude, aspect and slope were clearly evident. Regions of thin and no soil cover also
seem to be well represented (cf. Appendix 7A). The observed maximum soil depth was
overestimated (by 47 cm) and mean soil depth was under-estimated (by 47 cm). The
prediction variance of this model ranged from 0.05-0.19, the square root of which is
the standard deviation presented in Figure 5-7B – a good measure of the prediction
uncertainty. This model was the best predictor: R2 is the highest and RMSE and NRMSE
the lowest of all models (cf. Table 5-5).
BRKstall
Considering the AIC value of the feature-space model LMstall (cf. Table 5-4b),
predictions based on this model should have provided the best results. On the
contrary, BRKstall yielded the poorest result which logically must be attributed to the
removal of several topographic covariates; although they did not statistically
contribute to a parsimonious linear model, the residuals based on the more complete
model better represented local spatial variability. The predicted maximum and mean
130

Chapter 5

soil depth were overestimates (cf. Table 5-5) compared to the observed maximum and
mean (cf. Table 5-3). The range of variance was 0.07-0.21.

Figure 5-6: A): The experimental variogram for ordinary kriging; and
empirical variograms for regression kriging with B) land use only, C) all
predictors and D) stepwise regression on all predictors

Agreement between the observed and the predicted (R2) was the poorest,
and RMSE and NRMSE were the highest for this model (cf. Table 5-5). It was thus
evident that even when a less complex LM model yield the lowest AIC value compared
to that of a more complex one it cannot be taken for granted that the simpler model
will be a more accurate model for the use in regression kriging. However, these
measures were all quite close for the three BRK models.
Stochastic Simulation
Geostatistical interpolation is optimal at each block (if the model of spatial
dependence is correct), but when viewed over the entire field, the results are
unrealistically smooth if there is any nugget effect (Goovaerts, 1997) as was the case
here. The nugget effect represents short-range variability and measurement error that
cannot be resolved by spatial interpolation, and thus adjacent locations are not
expected to be identical. Kriging by construction produces a smooth surface, because a
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slight change in location produces only a slight change in weights for the weighted
average. When smooth maps are used in distributed models that simulate transport
across the landscape they will often result in unrealistically smooth flows.

Figure 5-7: A) Spatial interpolation of soil depth with all predictors and B) the
corresponding prediction variance; C) Spatial interpolation of saturated hydraulic
conductivity and D) the corresponding prediction variance

This is overcome by conditional stochastic (Gaussian) simulation: reproducing
the statistics of the random field modeled by the fitted variogram, respecting the
observation points. Each simulation is a different possible representation of reality.
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The gstat package of R (Pebesma, 2004) implements stochastic simulation as an option
of its krige method. Figure 5-8 shows four simulations (SRKall 1 to 4) of the random field
implemented with BRKall. The overall pattern was similar, because the sample points
and land use classes are respected, but the noise introduced by the nugget effect was
different in each case. Summary statistics and accuracy (cf. Table 5-8) are comparable
with those from BRKall, as expected.
5.4.4.

Conclusions based on soil depth interpolation

Feature-space linear models gave reasonably accurate predictions of soil
depth in this catchment, mainly because of the strong influence of land use. The allpredictors model was slightly better than the one reduced by backwards stepwise
regression, despite the apparent parsimony of the latter. Ordinary kriging was the least
accurate and also poorly-represented field knowledge of the complex pattern of soil
depth. Regression kriging corrected this deficiency; resulting maps represented both
the covariables and local variability. Performance of regression kriging improved when
all variables (LMall) were used for residual variogram computation as against using only
land use (LMlu) information or a parsimonious model selected through step method
(LMstall). Block kriging substantially reduced prediction variance, compared to punctual
kriging; since decisions are made on areas rather than points, the resulting prediction
variance was what was needed for land use management. All the geostatistical models
gave similar prediction accuracy. This was because, in this landscape, land use,
especially the rock outcrops, was a major controlling factor for soil depth.
Thus when no other data is available BRKlu was a good predictor of soil depth
in heavily-intervened anthropogenic landscapes such as the Western Ghats scarps.
Accuracy improves marginally with the addition of topographic predictors, but unlike in
less-intervened areas, these are not particularly important. With the highest R2, RMSE
close to other models and the lowest kriging variance, BRKall was the ‘best’ predictor of
soil depth amongst the interpolation techniques evaluated. In other landscapes
covariates such as stream power index, landform index, viewshed and soil types should
be explored for their predictive quality. In light of the previous slope stability modelling
experience in the study area (cf. Section 3.10) it was evident that the overall
uncertainty will be reduced significantly by using the continuous soil depth map
derived using BRKall. The stochastic simulation results coupled with Monte Carlo
procedures are an appropriate tool for accurate error propagation and the kriging
variance can improve the sensitivity analysis substantially.
Prediction variance cannot be better than measurement precision; the three
possible errors of the knocking pole method would also contribute to the nugget of the
variograms. Predictions can be improved to any desired precision, up to the magnitude
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of the nugget of the residual variogram, by more efficient and intensive sampling,
using the regression kriging prediction variances as an optimization criterion as
proposed by Brus and Heuvelink (2007). A further advantage of kriging over nongeostatistical interpolation methods is that the spatial field can be simulated, providing
a realistic representation of the spatial variation of soil properties for distributed
physically-based modelling.

Figure 5-8: Stochastic simulation of soil depth interpolated using regression kriging
on 10 m by 10 m blocks with all variables
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5.4.5.

Saturated hydraulic conductivity

The response of the soil to the presence of water largely depends on the
permeability of the soil. The build-up and dissipation of positive pore water pressures
during intense precipitation
events could be very rapid in
the case of highly permeable
soil (Johnson and Sitar, 1990).
In such cases slope failure can
be caused by high rainfall
where antecedent rainfall has
little influence on landslide
occurrence. While in slopes
where the permeability is low,
failure can be caused due to
long
duration-moderate
intensity rainfall events (Tofani
Figure 5-9: The empirical variogram for the spatial
et al., 2006).
interpolation of saturated hydraulic conductivity with
Saturated
hydraulic
all predictors
conductivity (ksat) is thus an
important parameter which determines slope failure and was an important parameter
to which the model was sensitive to (cf. Section 3.9.1). Hence an effort was made to
estimate ksat through field measurements which were in turn used for preparing the
top soil layer ksat map. For this purpose, undisturbed soil sample of 100 cm3 (height 5
cm and diameter 5 cm) were collected from widely distributed locations that cover
most of the land use. Figure 5-5 shows the 51 locations from where ksat samples were
collected. Appendix 8A shows the instrumentation setup used for the ksat
measurements.
Table 5-6: Descriptive statistics of saturated hydraulic conductivity (m/hr) measurements
LU
NS
Min
Max
Avg
Std
Mature rubber
19
0.0012
0.0103
0.0048
0.0027
Young rubber

4

0.0014

0.0088

0.0059

0.0033

Fallow land

8

0.0012

0.0165

0.0069

0.0052

Mixed crops

6

0.0013

0.0196

0.0082

0.0063

Settlements

3

0.0013

0.0040

0.0027

0.0014

Degraded forest

4

0.0028

0.0092

0.0072

0.0030

Grass & Rock

7

0.0008

0.0093

0.0055

0.0029

NS: Number of samples

135

Topography, land use, soil properties and root reinforcement of the study area

Table 5-6 shows the summary statistics of the ksat measurements. It was
observed that the ksat of the study area is highly variable over space and that it falls in
the moderately low to moderately high conductivity soil class of the National Soil
Survey Centre, US Department of Agriculture (Schoeneberger et al., 2002). In addition
to the 51 observed measurement locations, all the proxy points (cf. Table 5-3) used for
the spatial interpolation of the soil depth were also used as zero ksat locations to
ensure the influence of rock out crops in the resultant map. The ksat was estimated
across the study area using regression kriging on all predictors (cf. Figure 5-9) by fitting
a penta-spherical model having partial sill of 0.00016, range of 1650 and nugget 0.0001
to the empirical variogram. Figure 5-7C shows the results of the prediction and Figure
5-7D shows the prediction uncertainty (standard deviation).
An accuracy assessment was carried out applying the LOOCV technique the
results of which are compiled later in this chapter (cf. Table 5-9). The low RMSE and
ME indicates that the prediction was less biased, however both the R2 and CC were on
the lower side too. The poor performance of the interpolation could be either due to
the insufficient observations and the high spatial variability of the parameter.
5.4.6.

Infiltration rate

Infiltration rate was measured at 9 locations using the field based open pit
falling head method (cf. Appendix 8B). At each location three closely spaced square
pits of equal dimensions were made up to the bottom of the top soil layer as estimated
in the field for each location. A marked straight edge was fixed to the walls of each of
the pits. These pits were consecutively filled with water up to the brim three times,
every time letting the water drain freely until just before the pits fall dry. Assuming
that by doing it three times all pores were filled and hence the water was draining at
the saturated rate, the pits were filled a fourth time and the time taken for every 1 cm
drop in water head was recorded. Using these values, the corresponding infiltration
rate (m/hr) was computed using standard methods and were plotted (along the y axis)
against the depth (along the x axis). Interpolation was not feasible for deriving a map
of this parameter given the very few measurements. Hence the infiltration rate
applicable to individual land use was computed as proportional to the ksat value of the
topsoil layer. Table 5-7 shows this proportional values (SF) and the number of samples
per land use. Appendix 9 shows the decay of the infiltration rate with respect to depth
at the 9 locations.
5.4.7.

Soil water retention curves

Soil Water Retention Curve (SWRC), also called the pF curve describes the
soil’s ability to store or release water and is a highly non-linear ‘S’-shaped curve. It
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shows the relationship between volumetric soil moisture content θ (m3m-3) along the y
axis and soil water potential |h| (m) along the x axis. The saturated water content, θs
(m3m-3) depends on the packing density of the soil and the specific density of the
individual soil particles. In a fully saturated soil, soil water pressure head is nil.
Table 5-7: Characteristics of soil water retention curve according to Farrell and Larson and scale
factor to derive infiltration rate as proportional to ksat 1st layer
LU
hA (m)
NS
SF
NS
α (-)
MR
0.236
16.78
2
4.56
1
YR
0.001
17.57
2
3.63
2
FL
0.236
16.78
Same as MR
14.61
1
MC
0.005
19.03
3
1.68
1
R
0.000
0.00
0.00
S
0.005
19.03
Same as MC
1.68
Same as MC
DF
0.349
11.41
3
5.66
2
G&R
0.121
11.74
1
3.48
2
F
0.005
19.03
Same as MC
1.68
Same as MC
SF: Scale factor to derive infiltration rate as proportional to ksat of layer 1; NS: Number of Samples

Due to the lack of facilities to conduct these tests locally, eleven pF samples of
top soil (within 30 cm depth) were collected from widely distributed points (cf. Figure
5-5) and transported to the Department of Physical Geography, Utrecht University
where tests were conducted to produce the respective pF curves. Appendix 10 shows
the pF curves derived from these tests and the respective values are complied in Table
5-7. The hA and α parameters for the Farrell and Larson (1972) model necessary for
parameterizing the STARWARS was derived from these curves. The model for the
SWRC of Farrell and Larson is empirical, based on analogies in thermo-dynamics (van
Beek, 2002). The original model was defined in terms of θ/θsat. Rewritten in terms of
θE, it is given by
| |
1
Equation 21
where, |h| is the absolute value of matric suction (m), hA is the air entry value
(m) computed as e raised to the power of the intercept of the linear relationship
between log|h| (along y axis) and 1 - θ (along x axis) and α is the slope of this linear
relationship. This relation holds whenever the matric suction exceeds the air entry
value. An interpolation was not pragmatic given the very few samples and hence,
average values of these parameters as applicable to individual land use units were
derived. Not all land use units were covered and hence some were substituted with
the values of the closest measurements (cf. Table 5-7).
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5.4.8.

Bulk density and Porosity

Bulk density represents the density of the soil as a whole, including solids and
pore space. Soils containing a high proportion of pore space to solids have low bulk
density. Conversely, compacted soils with low pore space have a higher mass per unit
volume ratio and higher bulk density. Bulk density measurements are also used to
calculate the total pore volume in a soil, as well as, the weight of soil. High bulk
density values may indicate the presence of compact layers in soil that could restrict
plant root and water penetration (Daddow and Warrington, 1983; Kjack, 2007). The
bulk density of the pF curves samples and 53 more independent samples (cf. Figure 5-5
for the locations) were measured using standard procedures. The measurement has
shown that the maximum and minimum bulk density of soils in the study area varies
between 1.61 to 1.05 gm/cc with mean value of 1.3 gm/cc and a standard deviation of
0.15. It was interpolated using a simple inverse distance weighting (with a power value
of 2). The results are presented in Figure 5-10C.
Porosity was derived as the complement of volume taken up by solids using
dry bulk density (ρb) and mean particle density (ρs; 2.7 gm/cc) using:
η

1

100

Equation 22
Figure 5-10D shows the porosity map derived. The porosity values ranged
from 0.46 to 0.49 with a standard deviation of 0.16, indicating the presence of clay
content. This was in agreement with the results of the texture analysis presented in
Figure 2-3, that the soil in the catchment was mostly sandy clayey loams. The accuracy
of the interpolation was tested applying the LOOCV and is presented in Table 5-9. The
test results shows that the prediction of bulk density was not so good given the low R2
and CC values; however the low ME indicates that the result was less biased. The
porosity prediction was comparatively better.
5.4.9.

Cohesion and angle of internal friction

Two different techniques were used to measure the soil cohesion they being
1) in-situ Shear Vane test and 2) Un-drained Tri-axial test (cf. Appendix 11). The shear
vane tests were conducted at 44 locations while 20 undisturbed samples having 2.2 cm
diameter and a height of 10.2 centimetres were collected for tri-axial tests. Figure 5-5
(AIF) shows the locations of the tri-axial samples. Due to financial and time constrains,
better tests such as drained and cyclical tri-axial tests could not be conducted. The triaxial tests were conducted at the geo-technical laboratory of the National Institute of
Technology, Kozhikodu in Kerala (www.nitc.ac.in). The laboratory tests showed that
the soil cohesion varied from 0 to 15.96 kPa, whereas in-situ measurements yielded a
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range of cohesion from 1.36 to 3.92 kPa. The difference between the results from the
two measurement techniques was relatively large. However, out of 20 samples tested
in the laboratory, 8 samples contained zero cohesion and 1 sample crossed 15 kPa, rest
were in-between 0 to 12 kPa. So also, all measurements were conducted at mutually
exclusive locations. Summary statistics of cohesion derived from the two different
measurement techniques are presented in Table 5-8.
Table 5-8: Summary statistics of measured cohesion (kPa) and angle of internal friction (°)
Parameter
NS
Min
Max
Avg
SD
Cohesion (laboratory)
0.00
15.96
5.94
6.33
20
Angle of internal friction
0.00
32.00
13.40
11.64
Cohesion (In-situ)
44
1.36
3.92
2.52
0.59

Axial stress and strain was derived based on the applied loading (1, 2 and 3
kg/cm2) and relative deformation on the samples. Later, stress-strain curve was
derived for each of the applied load and subsequently the effective major (σ1’) and
minor (σ3’) principle axis of the stresses were calculated. These principle stresses were
used to calculate cohesion (c) and angle of internal friction (φ), applying the Mohr
Circle and failure envelope (cf. Appendix 12). From the Mohr Circles the angle of
internal friction was also calculated. Shear Vane was used at as many locations as
possible while carrying out the field survey. The measurement was made by using 86
mm (height) and 43 mm (diameter) Shear Vane, which actually measured the torque
required to fail the soil while rotating the Vane on its vertical axis. Multiplying the
measured torque by 0.4 gave the cohesion of the soil in kPa (Eijkelkamp, 2007).
Given the very few samples of cohesion and angle of internal friction, 24
proxy points were added at exposed rock locations for better interpolation. This data
was also interpolated using simple inverse distance method. Figure 5-10A and B are
the cohesion and angle of internal friction maps derived from this method. Accuracy of
the maps was tested using the LOOCV method, the results of which are complied in
Table 5-9. The angle of internal friction was predicted better by the model with a low
RMSE and ME, while the interpolation of cohesion was much more biased. The Shear
Vane test carried out to estimate the cohesion was found fast and economical
however it was less reliable as the values obtained from the tri-axial test differed
largely.
However, both in-situ and laboratory tests reiterates the findings of
Chandrakaran et al. (1995) that the soils of the catchment are significantly low in
cohesion. This also implies that root reinforcement provided by plant roots are
significant in determining the state of stability of slopes in the catchment, an
assumption which was supported by the sensitivity of the slope stability model to root
induced cohesion as described in Section 3.9.2.
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Figure 5-10: Maps of A) cohesion, B) angle of internal friction, c) bulk density
and D) porosity

Table 5-9: Accuracy statistics of the interpolations of saturated hydraulic conductivity, bulk
density, porosity, angle of internal friction and cohesion based on Leave-One-Out-CrossValidation
Parameter
CC
R2
RMSE
ME
Saturate hydraulic conductivity
0.29
0.26
0.028
-0.008
Bulk density
0.47
0.45
0.01
0.002
Porosity
0.6
0.43
0.92
0.11
Angle of internal friction
0.98
0.96
0.14
0.03
Cohesion
0.92
0.87
0.92
0.11
2

CC: Correlation Coefficient; R : coefficient of determination; ME: Mean Error; RMSE: Root mean squared
error
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5.5.

Root reinforcement

Root reinforcement is the interaction between mobilized root strength, root
morphology and shear strength along the soil-root interface. At the plant level, this
interaction ensures the stability of the above ground biomass while, at the stand level,
the reinforced soil may contribute positively to the overall stability of natural and
manmade slopes. Root reinforcement is widely recognized as the most important
beneficial effect of vegetation on slope stability. However, it is just one of the many
ways by which vegetation influences slope stability, either directly by affecting the
loads or resistance or indirectly through the hydrology. Root reinforcement requires
that plant roots anchor the soil mantle to bedrock or that roots act as fibrous binders
of soil particles (Ziemer, 1981). The major biotic determinants of root induced
cohesion (also called root reinforcement) are root strength and root architecture
which are primarily dependent on plant species, while the major abiotic determinants
are soil texture, depth, moisture content, the local slope angle, water table depth and
the depth of the potential slip plane (Danjon et al., 2008; Genet et al., 2005).
In soil possessing little if any tensile strength of its own, roots constitutes
elastic elements with high tensile strength. Upon deformation of the soil, elastic
elongation of the roots mobilizes the available root strength. Given root orientation
with respect to local displacement, total root reinforcement depends on the total
number of roots loaded and the mobilized strength. Normal to the potential slip plane,
root reinforcement contributes through the confining normal stress to the frictional
resistance while the tangential component reduces the applicable shear stress. With
continued deformation, root reinforcement continues to increase until individual roots
eventually fail by breakage or pullout (slippage). Thus, root reinforcement is only
appreciable after some strain has occurred and a substantial number of roots has
deformed, when those roots remain intact and bounded by the soil and when the
strain is small enough to prevent the complete loss of integrity of the soil; when these
conditions are not met, the slope may fail regardless without mobilizing the maximum
available root reinforcement (Mulder, 1991).
Failure of individual roots occurs when they rupture in tension or are pulled
out from the surrounding soil. The latter usually requires less force than the former
and often in highly saturated fine-textured soils pullout is the dominant root failure
mechanism (van Beek et al., 2005; Waldron and Dakessian, 1981). Root strength of a
single root segment ultimately depends on the effective normal stress acting on this
segment, the cohesion and friction along the soil-root interface and the area thereof in
case of pullout or the root tensile strength, which is partly species-dependent, partly
dependent on wood age and function. Branched roots can mobilize more strength than
roots without branches that slip out of the ground with minimal resistance. Branched
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roots fail in two different modes, them being 1) the ones that reach a maximum
strength and maintain this strength until it progressively decreases with the breakage
of individual branches after achieving a significant strain and 2) those that break with
the progressive increase of force (Greenwood et al., 2004).
While root reinforced soil contributes locally to the available shearing
resistance, stable columns of soil may act as buttresses and prevent overall slope
failure (Wang and
Yen,
1974).
Consequently, the
relative location of
plants with varying
root architecture is
an
important
determinant
of
total
root
reinforcement
(Coutts, 1983). In
general, a large
number of small
roots
will
contribute more to
slope stability as
compared to a
Figure 5-11: Four types of root reinforced hill slopes (Modified after
small number of
(Tsukamoto and Kasakobe, 1984))
large roots (De
Baets et al., 2008). Based on the root-soil-bedrock interactions and the resultant slope
stabilizing effects of roots, hill slopes can be classified into four types (Figure 5-11)
(Tsukamoto and Kasakobe, 1984), them being:
•

Type A: Characterized by shallow soil (< 1 m) overlaying an impenetrable bedrock.
Roots grow laterally at the failure plane binding the overlying soil and thus provide
high soil cohesion, but lacks anchoring.

•

Type B: Characterized by shallow soil (< 1 m) overlaying a bedrock with substantial
density of fractures. Roots penetrate the bedrock intersecting the potential failure
plane and thus provide high soil cohesion and anchoring.

•

Type C: Characterized by deeper soils (1-3 m) overlying a non-distinct weather
bedrock material that acts as a hydrological transition zone exhibiting increasing
strength with depth, which in-turn overlies the impenetrable bedrock. Roots
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penetrate the soil and the weathered parent material often through which passes
the failure plane, and thus provide high soil cohesion and anchoring.
•

Type D: Characterized by very deep soil (> 3 m) overlying an impenetrable
bedrock. The failure plane in such slopes being very deep, often the roots do not
intersect them and thus lacks any anchoring; however given a certain root density
there may be moderate soil cohesion.

5.5.1.

Root reinforcement models

There are three models that abstract root reinforcement. The first and the
most commonly used approach called simple perpendicular root model, considers root
soil interaction within a shear band through force equilibrium (Waldron, 1977; Wu et
al., 1979). The root reinforcement is translated as an additional amount of cohesion
(root cohesion) in the Coulomb equation which depends on the number and strength
of roots present in the soil and assumes the form:
n

Cr = a

⎛ Ari ⎞

∑T ⎜⎜⎝ A ⎟⎟⎠
ri

i =1

s

which is Equation 8, where, Cr is the root-induced cohesion for a given species, Tri is the
tensile strength of an individual root for a given type of vegetation, Ari/As is the
proportion of root cross sectional area to soil cross sectional area, and a the mobilised
tensile resistance in root fibres, which is:
a = cos χ tan φ + sin χ

which is Equation 9, where φ is the angle of internal friction of the soil and χ is the
angle of shear of the roots. The value of α as established by Wu et al., (1979) was 1.2
for 25° < φ < 45° and 40° < α < 70°.
The second model considers root included soil matrix as a composite material
with a homogenous macroscopic behaviour (Michalowski and Zhao, 1995). The third
model (named RipRoot model) is based on the concept of fibre-bundle models in
material sciences and attempts to capture the progressive breakage of roots having
varying tensile strengths, with an associated redistribution of stress as each root
segment breaks (Pollen and Simon, 2005).
Natural variability is the major source of uncertainty in computing root
reinforcement. Root strength of different species of the same family can be
considerably different (Greenway, 1987) and same species may have different strength
characteristics depending on age (Genet et al., 2008). High variability in the strength
can also be observed for roots of the same species growing in different terrain
conditions (Gray and Sotir, 1996).
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The model adopted for this research was the commonly used simple
perpendicular root model (given the ease in deriving the necessary parameters)
whereby reinforcement was quantified as additional cohesion (cf. Equation 8 for the
model). Assumption was that the slopes of the study area were Type B in terms of root
reinforcement characteristics (cf. Figure 5-11). Calculating the root induced cohesion
necessitates site specific information such as soil depth, root density, soil-root bond
and root tensile strength. For individual root segments, root tensile strength has to be
measured by loading a root segment while soil-root bond has to be measured by
mimicking pullout.
5.5.2.

Root tensile strength

Root tensile strength is measured by subjecting a single root segment to
elongation until the root breaks. The load at failure can be measured using a universal
tensile and compression testing machines generally used for fibre tensile strength
testing (De Baets et al., 2008) or specialised equipment (Ziemer, 1978) which can apply
a constant strain rate to the clamped root. To avoid stress concentrations around the
clamped ends, the overall length of a root segment should be several times it diameter
and sufficiently large to provide for clamping (approximately 5 cm on either side). For
roots under 10 mm, a total length of 15 cm often suffices. Clamping a root is a delicate
matter and roots often either slip from the clamps or break where the root gets
crushed by it. Epoxy resin or Plaster of Paris reinforcement at the tips can prevent this.
A tensile strength test is deemed successful if the breakage is at the middle non
reinforced part of the sample (mid segment). Care has to be taken to avoid root
desiccation or root decay during the period between sampling and testing. Roots
should be kept as close to their original moisture content as possible or at least soaked
for 24 hours to approximate their green strength (Cofie and Koolen, 2001).
For most plants, tensile strength is known to increase with decrease in root
diameter (D) based on a power law having the form:

Equation 23
where, a is the relationship constant and b is the scaling exponent. Appendix
14 provides the parameters of the tensile strength-diameter power relationships for
various plant species from published literature.
For this study, the tensile strength of the roots of nine species of plants
commonly and widely found in the catchment in particular and the Western Ghats in
general was tested. They were rubber (Hevea (H) brasiliensis), coconut palm (Cocos (C)
nucifera), jackfruit tree (Artocarpus (A) heterophyllus), teak (Tectona (T) grandis),
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mango tree (Mangifera (M) indica), lemon grass (Cymbopogon (C) citrates), gambooge
(Garcinia (G) gummi-gutta), coffee (Coffea (C) arabica) and tea (Camellia (C) sinensis).
The tests were conducted using a custom made frame and clamp (van Beek et al.,
2005) that allowed steady straining of the root until failure occurred, although the
displacement measurements were crude. Figure 5-12 shows these root diametertensile strength relationships. Table 5-10 shows the sample statistics and the test
results including the power law relationship parameters derived. Most of the species
tested agreed to the already proven fact that smaller roots are stronger per unit area
than larger roots. The values derived were comparable to that of previous studies (cf.
Appendix 14).
Appendix 15 shows the instrument used and the pictures of the plant species
and their distribution in a valley in the study area. The force at the time of failure was
measured by means of spring balances (20 kg, 50 kg and 150 kg), the accuracy of which
varied between 0.5 kg to 2 kg. For the tensile strength tests, 5 cm on each side of the
roots were bonded with Araldite® (resin glue) to reinforce them from being crushed by
the clamps. The roots were preserved in wet soil filled boxes with the glued ends left
outside until the glue solidified. In the successful tests roots failed in tension in the mid
segment. Most roots tested were woody (except that of C. citrates, which were
evidently softer) and healthy. The roots were collected from many different individuals
of the same species, growing in close proximity in the study area, ignoring the fact that
topographic location can affect the tensile strength of the roots (Hales et al., 2009).
There were a large number of finer roots that were visible, but the clamp
limited our ability to test finer than 2 mm roots. Roots were identified as that of the
respective species by careful observations and with help from a local farm labourer.
The average time between sample preparation and testing was 6 days. Roots of C.
nucifera had an outer husk which was removed before testing as this husk crushed
despite all attempts to preserve them. Hence the results reported here as those of
coconut roots are of the inner root fibre and so were not used for calculating root
cohesion despite this being the most dominant tree in the mixed crop land use.
Two separate set of root samples were collected for H. brasiliensis, one set
from trees that were >17 years old (17 years being the average maximum productive
age of a standing plantation) and the other from trees that were less than 5 years old
(but not younger than 3 years). H. brasiliensis less than 7 years are not tapped for the
latex, while plantations over 17 years of age are often felled as part of the cropping
cycle. Although tests were conducted on C. sinesis roots the study area had not tea
plantations. For most of the species tested excluding C. sinesis (shrub) and G.
gummigutta (tree), a power fit seemed valid for the relationship between root
diameter and root tensile strength.
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Tensile Strength (MPa)
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Figure 5-12: Root diameter vs Root tensile strength power relationships of Tectona grandis
(Tg), Hevea brasiliensis (Hb<5 & Hb>17 years old), Artocarpus heterophyllus (Ah),
Mangifera indica (Mi), Coffea arabica (Ca), Garcinia gummi-gutta (Gg), Cymbopogon
citrates (Cc), Camellia sinensis (Cs) and Cocos nucifera (Cn)
Note that observations from all plants are not shown in order to avoid cluttering
Table 5-10: Statistics of root tensile strength of nine tropical plants and the power law
parameters of the relationship between root diameter and root tensile strength of the respective
species
Rd (mm)
TS (MPa)
Sp
N
a
b
a R2
Range (Avg)
Range (Avg)
Hb (>17)
75
2.1-10.5 (4.4)
6.1-42 (25.9)
0.051
-1.096
0.88
Hb (<5)
37
2-8.8 (4.2)
5.1-46 (23.6)
0.013
-1.3
0.84
Ah
37
3.2-11.7 (7.5)
4.8-9.4 (6.4)
0.697
-0.445
0.88
Tg
63
2.1-12 (7.1)
11.9-52.8 (25.1)
0.643
-0.712
0.91
Mi
18
4-10.8 (7.8)
4.7-11.3 (7)
0.088
-0.885
0.95
Ca
49
2-12 (7.1)
12.8-39.6 (19.3)
2.781
-0.376
0.62
Gg
28
2.3-10.5 (6)
11.1-14.4 (12.5)
14.696
0.031
-0.04
Cc
20
2-5.1 (3.7)
13.6-44 (27.6)
0.205
-0.769
0.62
Cs
35
2-12 (6.9)
8.6-16.5 (13.5)
27.347
0.142
0.13
Cn
21
2.1-5.4 (3.7)
39.6-107.9 (67.7)
0.1369
-1.088
0.99
Sp: Species; N: Number of samples; Rd: Root diameter; TS: Tensile strength; a and b: Alpha and beta of the
power law relationships in Equation 23 (note that the relationships were derived between root diameters
2
2
measured in meter and strength measured in MPa); a R : Adjusted R ; Avg: Average; Species names
abbreviated (cf. Figure 5-12)

The tensile strength tests reveals an anomalous behaviour of C. sinensis and
G. gummigutta roots which necessitates further enquiry into the physiological
characteristics of these plant roots. Better methods have to be adopted to test the
tensile strength of C. nucifera roots. The results from these species (C. sinesis, G.
gummigutta and C. nucifera) were not further used due to this anomaly, despite the
fact that C. nucifera is probably the second most widely occurring species of tree in the
study as they occur intermittently in almost every agricultural land use class (eg. mixed
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crops, fallow land, mature rubber and young rubber; cf. Figure 5-2). This may result in
an under estimate of the lower limit of total root reinforcement available to the slopes.
Tensile strength of H. brasiliensis roots of different age groups were not
significantly different. The variability between the tensile strengths calculated was
large; at the smallest diameter T. grandis roots had ~52 MPa (2.12 mm) while A.
heterophyllus had 9.44 MPa (3.15 mm). This wide range of variability in strength may
largely be attributed to the relative differences in the cellulose content (Genet et al.,
2005).
5.5.3.

Root pullout strength

Pullout strength has to be measured in-situ either be measuring the total
strength necessary to pullout a whole plant (Nilaweera and Nutalaya, 1999) or by
testing individual root threads (van Beek et al., 2005). Studies have shown that there
exists a theoretical threshold diameter between root pullout and root breaking. Above
this threshold the friction between the soil and roots exceeds the root tensile strength
and below it, if the force required to break the root-soil friction bond is less than the
force required to break the root, the roots will slip off the soil (Pollen, 2007). Pullout
strength test needs minimum 10 cm of root protruding outside the soil. Ideally the
sample should be at least 1 m away from the base of the tree. A pullout strength test
was counted successful if successive straining decreases the stress indicating the loss
of soil-root bond. If the roots break during a pullout test, they were registered
separately so as to identify the threshold diameter between root pullout and root
breaking. Pullout strength is more site specific compared to tensile strength because of
the spatial variations in vegetation, soil cohesion, length of the root and differences in
the season when the test is carried out (Schmidt et al., 2001).
Pullout strength of the roots of seven species of plants was tested during this
study and the relationship curves between root diameter and pullout strength were
plotted. The average time between preparing the samples and testing was 15 days.
Care was taken to preserve the angle of protrusion of the roots while the test was
being conducted. C. citratus and C. nucifera could not be tested for pull out due to root
breakage while clamping. Table 5-11 shows the statistics of the samples and the power
law relationships and Figure 5-13 shows the relationship curves. As expected, the force
required to pull a root out of soil was much lower than that required for breaking an
individual root in tension. Unlike that of the tensile strength test results, the roots of G.
gummigutta and C. sinensis showed a power law relationship which may be attributed
to the live state of the roots.
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5.5.4.

Vertical distribution of root area ratio

Root cohesion varies significantly with variation in vertical root distribution as
this determines the Ari/As (here after RAR) in Equation 8. The density of roots is mainly
a function of biomes (tropical, temperate etc) and the plant functional groups (grass,
shrubs and trees) and tend to have an exponential decay with depth (Jackson et al.,
1996). For this study the average diameter of roots that occur at a given depth and the
number of individual roots that occur at a given depth were computed based on the
root depth vs diameter and root depth vs root count relationships for each species and
land use types. Table 5-12 shows these relationships for each species.

Pullout Strength (MPa)
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Figure 5-13: Root diameter-root pullout strength power relationships of Tectona grandis
(Tg), Hevea brasiliensis (Hb>17 years old), Artocarpus heterophyllus (Ah), Mangifera indica
(Mi), Coffea arabica (Ca), Garcinia gummi-gutta (Gg) and Camellia sinensis (Cs)
Note that observations from all plants are not shown in order to avoid cluttering

Care was taken to count the roots of only the specific species for deriving the
respective relationships. In addition, pits of 1 m2 area with straight cut sides were dug
at two hollows (one near P7 and the other near P11, cf. Figure 4-1) and two mixed crop
locations, one with T. grandis (MC Tg) and the other with G. gummigutta (MC Gg) as
the dominant trees, wherein all roots (irrespective of species) between 2 and 15 cm
were counted. Root counts and diameters were binned at every 10 cm grids. It was
observed that root density was low in the first 10 cm while it increased steadily up to
50 cm and rapidly decreased thereafter. The root diameter increased with depth
obeying a power law for all species and at all locations except in the case of C. citratus
which had a linear relationship. The root count decreased with depth obeying an
exponential decay. Most tree species had roots even at 1 m depth with the exceptions
being C. arabica and T. grandis for which roots were found even beyond 2 m.
Combining the average root diameter and average number of roots at every 5 cm
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depth, the RAR was derived. Figure 5-14 shows the derived vertical decay of RAR with
depth for the eight species and the two mixed crop locations up to a depth of 4 m.
When measured away from any major plants (as in the case of MC Gg and MC Tg), the
root area ratio was substantially lower.
Table 5-11: Statistics of root pullout tests of seven tropical plants and the power law parameters
of the relationship between root diameter and root pullout strength of the respective species
Rd (mm)
PS (MPa)
TH
Sp
SCh
N
Range
Range
a
b
a R2
(m)
(Avg)
(Avg)
Hb
2.1-5.8
4.3-15.2
10
P, T
35
0.022
-1.074
0.81
(>17)
(3.9)
(9.5)
6.2-15.6
0.7-1.9
Ah
15
RC
24
0.021
-0.874
0.8
(10.5)
(1.2)
2.3-12.9
Tg
20
RC
28
1.4-16.8 (5)
0.005
-1.338
0.88
(8.4)
2.4-8.2
1.7-7.9
Mi
10
P
23
0.316
-0.493
0.24
(5.1)
(4.7)
3.2-11.4
Ca
5
T
31
3.2-8.1 (5)
0.345
-0.53
0.76
(7.2)
2.1-10.0
0.8-4.9
Gg
11
RC
28
0.083
-0.635
0.42
(5.9)
(2.5)
2.2-5.9
1.3-3.9
Cs
0.75
P
18
0.266
-0.402
0.07
(4.4)
(2.5)
Sp: Species; TH: Tree height; SCh: Site characteristics; P: Pits; T: Terrace side; R: Road cut; N: Number of
samples at individual sites; Rd: Root diameter; PS: Pullout strength; a and b: Alpha and beta of the power
2
2
law relationships (root diameters (m) and strength (MPa); a R : Adjusted R ; Avg: Average; Species names
abbreviated (cf. Figure 5-13)
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Figure 5-14: Root area ratio vs depth of eight tropical plant species and two mixed crop
locations
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Table 5-12: Parameters of the relationships between root count vs root depth (exponential
decay) and root diameter vs root depth (power law), and the land uses that each relationship
represent
Rc vs D
Rd vs D
Sp
a
b
R2
a
B
R2
Hb (>17)
28.12
-1.34
0.9
0.0064
0.51
0.6
Hb (<5)
14.86
-1.47
0.5
Assumed same as Hb (>17)
Tg
64.92
-2.04
0.8
0.0108
0.658
0.9
Ah
46.96
-2.12
0.8
0.0116
0.379
0.3
Mi
34.97
-3.16
0.6
0.0096
0.585
0.8
Ca
38.28
1.22
0.9
0.0099
0.431
0.6
Gg
60.04
-2.62
0.8
0.0082
0.573
0.7
Cs
55.97
-6.72
0.8
0.0081
0.479
0.5
Cc
18.38
-1.70
0.4
0.0002*
0.003*
0.5
MC Tg
81.36
-3.82
0.8
Assumed same as Tg
MC Gg
37.05
-4.86
0.3
Assumed same as Gg
P7
50.19
-5.51
0.4
Assumed same as Cc
P11
134.12
-3.30
0.6
Sp: Species; D: Root depth; Rc: Root count; Rd: Root diameter; * Linear relationship

5.5.5.

Root induced cohesion

The upper extreme of cohesion induced by roots at the contact layer between
soil and bed rock was calculated spatially based on the soil depth map of 2008 (cf.
Figure 5-7A), using Equation 8. with the value of ‘a’ set to that suggested by Wu et al.
(Wu et al., 1979), the derived root tensile strength relationships (cf. Figure 5-12) and
the estimated root area ratio (cf. Figure 5-14).
Table 5-13: Root tensile strength vs diameter, pullout strength vs diameter, root count vs depth
and root diameter vs depth relationships assumed to be representative of individual land use
class
LU
MR
YR
FL
MC
FF
St
DF
G&R
WS
F

Rd vs Ts
(cf. Table 5-10)

Rd vs Ps
(cf. Table 5-11)

Hb (>17)
Hb (<5)

D vs Rc
(cf. Table 5-12)

D vs Rd
(cf. Table 5-12)

Hb (>17)
Hb (>17)

Hb (<5)

Hb (>17)

Avg of Tg, Ah, Mi, Ca, Gg
Avg of Tg and Gg
Ts of Cc (No Ps
Cc
measurements)
Tg

Avg of MC Tg and MC Gg
Avg of P7 and P11
Cc
MC Tg
Tg

Avg of Tg amd Gg
Cc

LU: Land use; MR: Mature rubber; YR: Young Rubber; FL: Fallow land; MC: Mixed crops; G&R: Grass and
Rock; St: Settlement; DF: Degraded forest; F: Forest; FF: Fragmented forest; WS: Woody shrubs; D: Root
depth; Rc: Root count; Rd: Root diameter; Refer the respective tables for the actual relationships. Some
classes are present only in the future scenarios of land use change described in Section 6.2.1.
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The lower limit was calculated by replacing the tensile strength with pullout
strength (cf. Figure 5-13). Each species was representative of a specific land use class;
however, not all classes had representative root tensile strength, pullout strength and
root area ratio measurements. Hence substitutions were warranted which were based
on empirical observations during the field work. Table 5-13 shows the representative
measurements assigned to each land use class. For mixed crops (MC), settlement (St)
and degraded forest (DF) land use types, the average value of the relationships of the
different species (cf. Table 5-12) present in these land use types were used (cf. Table
5-13).
Table 5-14 shows the summary statistics of root cohesion values derived for
each land use class. The highest amount of additional cohesion from plant roots was
available for the mixed crops land use given the presence of plants such as teak, jack
fruit, mango and coffee which shows high tensile strength and pullout strength
characteristics and deep root penetration. Mature rubber plantations also shows
substantial availability of cohesion. The fallow land has higher average and maximum
root cohesion as compared to the young rubber despite the fact that the tensile
strength, pullout strength root count and root diameter relationships used for both
these land use classes were the same (cf. Table 5-13) which may be attributed to the
soil depth distribution in the particular land use; note the higher standard deviation of
Cr (TS) and Cr (PS) of the fallow land class. Figure 6-6 shows the upper (based on
tensile strength) and lower limit (based on pullout strength) of root cohesion
applicable to the land use/land cover of 2008.
Table 5-14: Land use wise summary statistics of upper and lower limits of root cohesion (Cr)
calculated based on perpendicular root model for the 2008 land use (cf. Figure 5-2) classes
Cr (TS)
Cr (PS)
LU
Max
Avg
STD
Max
Avg
STD
Mature rubber
16.7
2.7
2.8
6.3
1.1
1.6
Young rubber
3.1
0.6
0.7
2.9
0.7
0.7
Fallow land
6.0
0.8
1.4
5.5
0.8
1.3
Mixed crops
33.9
6.3
8.4
7.6
1.5
2.1
Rock
0
0
0
0
0
0
Settlement
5.9
0.4
1.2
2.5
0.1
0.6
Degraded forest
0.6
0.1
0.2
0.6
0.1
0.2
Grass and rock
0.6
0.2
0.2
0.6
0.2
0.2
Entire catchment
33.9
1.9
7.8
7.6
0.7
1.8
LU: Land use; STD: Standard deviation; Max: Maximum; Avg: Average. All values in kPa; SD: Soil depth

5.5.6.

Limitations of root reinforcement

Although root reinforcement substantially reduces the overall probability of
failure of the study area, in hollows the probability of failure may still be high in-spite
of the presence of roots. Thus roots do not increase the stability of slopes indefinitely.
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Root count rapidly decrease with increase in soil depth (Cammeraat et al., 2005) and
hence root reinforcement is limited in such slopes (Type D slopes; cf. Figure 6-1).
Studies indicate that root reinforcement on natural slopes are limited to a small range
of critical hydrological conditions (van Beek et al., 2005).
The root reinforcement also does not assure long-term stability in the
Western Ghats like modified landscapes. In natural forests, forest fires and plant
diseases may lead to the eventual loss of root reinforcement. Increased infiltration and
permeability, desiccation of soil due to plant intake which result in large macro-pores
that transport water directly to the potential failure planes, surcharge due to the
presence of overgrown trees and wind loading are some of the detrimental effects of
vegetation on slopes susceptible to failure (Coppin and Richards, 1990). Despite such
limitations, plant roots can provide considerable reinforcement and is the most cost
effective means to increase the stability of natural and modified slopes (Fan and Su,
2008). The root reinforcement models are limited in certain aspects. For example, fine
roots are not very flexible to be loaded in compression which in reality will affect rootsoil bond and thereby limit the mobilisation of root pullout strength. Laboratory
studies are still lacking in this direction (van Beek et al., 2005).
5.6.

Conclusions

The DSM prepared from the CARTOSAT data was not significantly superior to
the DTM derived from topographic sheets. The thick vegetation cover and the lack of
standardized methods for stripping this cover from the resultant DSM limits the
applicability of the CARTOSAT data in such highly vegetated terrains as the Western
Ghats of Kerala for creating hydrologically accurate DTMs. More break-lines and
ground control points may marginally improve the accuracy but will not result in a
direct alternative to conventionally prepared contour map based DTMs of 20 m by 20
m resolution. Despite it being not a superior alternative to conventional DTMs the
DSMs from CARTOSAT offer finer spatial resolution (10 m by 10 m). It was also
observed that the resultant DSM had preserved the relative terrain characteristics of
the catchment. However, it must be noted that the actual terrain conditions that play a
significant role in the hydrological characteristics of the catchment such as the terraces
and bed rock depressions which determine areas of water converge and divergence
were still not represented in its entirety by this 10 m by 10 m DSM. This issue of
resolution could also be noted in the land use maps prepared for the study.
The land use maps clearly represent the relative changes and the recent
increase in the intensity of anthropogenic activities in the catchment. These maps
could thus be used to derive multiple realizations of the soil properties of the
catchment assuming all other terrain covariates to be static in condition in the last 100
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years. However, individual land use map pixels are only generalized representations of
the actual vegetation cover and root bondage conditions prevailing in a given 10 m by
10 m field area and hence may still not be adequate enough to mimic the actual slope
stability condition of a characteristic landslide initiation zone measuring <2 m in length
along slope and <5 to 8 m in width across slope (cf. Figure 1-3).
The methods presented here for soil mapping are applicable in the
anthropogenically modified terrain of the Western Ghats scarp lands. When no other
data is available block regression kriging with land use as the independent variable was
a good predictor of soil depth in heavily-intervened anthropogenic landscapes such as
the Western Ghats scarps. With the highest R2, RMSE close to other models and the
lowest kriging variance, block regression kriging with all covariates used for this study
was the ‘best’ predictor of soil depth amongst the interpolation techniques evaluated.
The ‘best method’ depends on the property being interpolated, the sampling intensity
and the availability of relevant feature-space covariates. The relevance of the
covariates varies from landscape to landscape, however there exists a general
concurrence in literature regarding the most important parameters that determine the
spatial variability of soil properties in a catchment, they being land use, slope,
curvature and relative-relief. The relevance of these parameters as predictors of soil
properties were reiterated in this research. It has to be noted that ideally the
covariates should be mutually exclusive for a statistically acceptable prediction. But
this is generally not the case with such geo-statistical models where several covariates
are derived from a single input such as the slope, curvature, aspect etc. from a given
DTM and thereby are not completely independent of one another. Although this may
be called ‘biased’ in strict statistical terms, the result often improve with the addition
of each covariate and hence is acceptable from a pragmatic point of view. Although it
is generally thought that a finer grid resolution of the covariates, primarily the
topographic variables, will provide a better result, this would be the case only if such
covariate data is supported by sufficient sampling intensity. However there exist no
generalized thumb rules to ascertain the most appropriate sampling intensity for
interpolating soil properties.
Different interpolation techniques produce different realizations of the spatial
variability of the soil properties even with a high sampling intensity as illustrated with
the case of the stochastic simulation of the soil depth (cf. Figure 5-8). This implies that
the final prediction of slope hydrology and stability will still have a large component of
randomness, as there was no absolutely ‘accurate’ realization of the spatial variability
of these properties. In addition to the limitations in accurately determining the spatial
variability, the nugget effect (measurement accuracy) and the temporal variability of
the parameters are two other significant sources of error which will propagate into the
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final simulation of slope hydrology and stability. The nugget effect could be
significantly reduced by conducting more intense and accurate measurements while
there are no means to determine the historic spatial variability of these soil properties.
Thus an elaborate sensitivity analysis was still a necessity.
The perpendicular root model (cf. Equation 8) proposed by Wu et al. (1979)
and Waldron (1977) was used in this research to quantify the reinforcement available
from plant roots as additional cohesion. It was assumed that plants in the catchment
had anchoring roots that penetrate the bed rock and hence were Type B slopes as per
the criteria laid out by Tsukamoto and Kasakobe (1984). Parameters necessary for the
model, such as tensile strength and pullout strength of roots and vertical distribution
of root area ratio was derived for nine species of plants commonly found in the
Western Ghats of Kerala (cf. Section 5.5.2).
The root tensile strength vs root diameter and root pullout strength vs root
diameter relationships of most of the species tested agreed to a power law (cf.
Equation 23 for the type) comparable to those proposed in literature (compare Table
5-10 with Appendix 14). The tensile strength vs diameter relationship of C. sinesis
(shrub) and G. gummigutta (tree) showed anomalous behaviour as compared to other
plants (cf. Figure 5-12) while the pullout test conducted on these plants showed that a
power law was valid (cf. Figure 5-13). T. grandis roots showed the most consistent and
strongest behaviour when tested for both tensile strength and pullout strength. The
tensile strength relationship of H. brasiliensis roots of two age groups (>17 years and
<5 years) were not significantly different implying that the physiological characteristics
of the roots are comparable (cf. Table 5-10) irrespective of age. Other species that
offered significant resistance to breakage and slippage were A. heterophyllus, M. Indica
and C. Arabica.
The root area ratio is a major determinant of the net amount of root cohesion
(cf. Equation 8). The highest root area ratio occurs in the first 50 cm of soil depth (from
topographical surface) and tends to decrease rapidly with depth; C. Arabica and T.
grandis showed the most gradual decrease in root area ratio with roots of these plants
reaching more than 3 m in depth (cf. Figure 5-14). Most species of plants and land use
classes tested had roots below 1 m depth (the average soil depth in the study area, cf.
Table 5-3). The variability in the upper and lower limits of root cohesion applicable at
the soil-bedrock contact was considerably large for the agricultural land use classes,
especially for the mixed crops and the rubber plantations. These variations were
influenced mainly by the variation in soil depth (and hence the root area ratio) in the
respective land use classes (cf. Table 5-14). Thus although a location with a given soil
depth may have tree roots that are highly resistant to breakage and slippage, its
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contribution to slope stability will largely depend on the depth of root penetration,
assuming that tap roots anchor into the bed rock.
Given the fact that the quality and quantity of data available has significantly
improved compared to the data used in Chapter 3, the ground work was complete to
re-evaluate the models for its predictive capability and eventually to quantify the
effect of vegetation on slope stability of the study area.
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Translation: The land will shrink in yield if men, over burden it without restrain
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6.1.

Introduction

Land use/land cover is a dynamic variable in the highly anthropogenically
intervened terrain where agricultural practices leads to constant changes in the
vegetation cover (Chandrasekar and Baiju, 2010; Nair and Sreedharan, 1986; Pandit et
al., 2007; Peyre et al., 2006) and the root-soil bond (Dhakal and Sidle, 2003; Sidle et al.,
2006). The influence of these drivers on slope stability has been widely attested with
the frequency of mass movements such as shallow landslides increasing after the
removal of the vegetation and the decay of roots, reaching as far back as Pliny, the
Elder who wrote “Often, disastrous torrents are formed after the felling of mountain
woods, which used to hold back clouds and feed on them” (Andréassian, 2004). This
relationship between removal of vegetation cover and slope instability can be
quantified and broadly be classified as hydrological and mechanical effects of
vegetation on slope stability (Coppin and Richards, 1990). Figure 6-1 shows a schematic
representation of the various effects of vegetation on slope stability.
According to ‘Varnes and IAEG Commission on Landslides and other MassMovements (1984)’ landslide hazard can be defined as the probability of occurrence of
a potentially damaging landslide event within a given area in a given period of time.
This probability is related to quasic-static variables such as soil properties (depth,
cohesion, permeability), bed rock and terrain characteristics (seepage to bed rock,
slope, areas of convergence and divergence), land use/land cover (infiltration,
vegetation cover, root induced cohesion), and to dynamic variables such as rainfall
(intensity and amount) (Dai and Lee, 2003).
Several studies elsewhere have quantitatively evaluated the beneficial effects
of vegetation on slope stability, both in terms of the net precipitation inducing critical
pore water pressure conditions (Dhakal and Sidle, 2004; Gorsevski et al., 2006;
Wilkinson et al., 2002) and in terms of mechanical effects, particularly root
reinforcement (Bathurst et al., 2007; Dhakal and Sidle, 2003; Hales et al., 2009; Roering
et al., 2003). Most of such studies (Bischetti et al., 2009; Cammeraat et al., 2005;
Mattia et al., 2005; Preston and Crozier, 1999; Roering et al., 2003; Schmidt et al.,
2001) have focused on Mediterranean and temperate areas with only a handful of
studies (DeGraff, 1990; Nilaweera and Nutalaya, 1999) having attempted to quantify
the effects of plants on slope stability in the humid tropics (Sidle et al., 2006). Such
studies attempting to quantify the beneficial effects of vegetation on slope stability
have not been reported so far from India, where deforestation and infrastructure
development in the landslide prone areas such as the Himalayas and the Western
Ghats are drastically increasing (Barnard et al., 2001; Jha et al., 2000; Pandit et al.,
2007; Raju and Anil Kumar, 2006).
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Inventories show that landslide frequency, especially landslides causing
human fatalities in the Western Ghats of Kerala has risen sharply between 1961 and
2010 (cf. Figure 2-6). Landslides killed about 100 people and rendered about 600
families homeless along the Western Ghats over the period of 1975-1995 (Thakur,
1996) whilst floods and landslides together have caused an estimated damage of 12
billion Euros in Kerala in 2007 alone (Murali Kumar, 2007). This increase in theory may
either be attributed to increased frequency of extreme rainfall events or to population
pressure and the consequent land use/land cover changes that began in 1800’s (cf.
Section 2.6) and continue even today (George and Chattopadhyay, 2001; Jha et al.,
2000; Kumar, 2005; Raju and Anil Kumar, 2006).

Figure 6-1: a) Hydrological and b) Mechanical effects of vegetation on slope stability
(Coppin and Richards, 1990)

Literature reviewed earlier in this research (cf. Section 2.4) indicated that
there was no apparent increase in the frequency of maximum and average rainfall (up
to a daily resolution) in the Western Ghats of Kerala over a period of 131 years. This
was later verified and reiterated with the rainfall data from the Pullikanam Tea Estate
(cf. Figure 3-1, Pullikanam; the closest rainfall station to the landslide prone Aruvikkal
catchment of the Western Ghats of Kerala), wherein the long period (1952-2001)
annual maximum, average and standard deviation of daily rainfall showed no
significant trend (cf. Figure 4-5). Comparing the landslide inventory and the
corresponding rainfall data pertaining to this catchment, it was evident that the
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magnitude of daily rainfall does not determine the number of landslides occurring in
the area; for example, a 2 year return interval rainfall (1993) caused eight landslides,
while a 100 year return interval rainfall (1985) caused only a single landslide (cf. Figure
4-6). Similarly, as there was no apparent increase in the frequency of high return
interval daily rainfall (cf. Figure 4-5) the spatio-temporal probability of landslides may
also not depend directly on the rainfall return probabilities. Hence the variable to
suspect for the apparent increase in the spatio-temporal probability of landslides may
be the land use changes that have occurred in the area since late 19th century (cf.
Sections 2.6 and 5.3).
The primary assumption was that the actual mechanism leading to slope
failures in the region may be related to the loss of cohesion due to soil saturation
during the rainy seasons and the trigger in itself may be the development and
attenuation characteristics of pore water pressure as suggested by Basak and
Narasimha Prasad (1989), Thampi et al. (1998) and Sreekumar and Krishnanath (2000),
and based on the supporting observational evidence from this research (cf. Section
4.5.1). The fundamental hypothesis was that the spatio-temporal probabilities of
shallow landslide initiation in the Westen Ghats scarp faces is dependent on the land
use which in turn determine the mechanical and hydrological effects of vegetation on
slope stability (Greenway, 1987). A physically-based spatially distributed dynamic
modelling was assumed to be the most suitable approach to validate this hypothesis as
it has the capability to not only estimate the spatio-temporal probabilities of shallow
landslide initiation, but also quantitatively assess the influence of changes in
environmental conditions on slope stability, for example those of land use changes
(van Beek and van Asch, 2004; van Westen et al., 2005). Land use/land cover changes
affect the shear strength parameters in terms of determining soil depth (due to
artificial soil reorganization by terracing) and root induced cohesion (due to crop cycle
that leads to trees in the plantation area being culled periodically; cf. Section 1.4)
(Chandler and Walter, 1998; DeGraff, 1990; Paningbatan et al., 1995). Therefore it was
necessary to quantify the effect of past, present and future land use/land cover
changes on landslide activity for the long term land use planning of the landslide prone
scarp faces of the Western Ghats of Kerala.
Thus the aim of the research was to parameterize, calibrate and validate a
physically-based slope hydrology and slope stability model for evaluating the effects of
land use changes on the spatio-temporal probabilities of shallow landslides. The scope
and limitations of using such a data intensive physically-based model
(STARWARS+PROBSTAB) for a reliable shallow landslide hazard assessment and the
sensitivity of slope stability to long and short term land use/land cover changes was
evaluated in this research using data from the Aruvikkal catchment (cf. Figure 3-1). The
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calibrated and validated STARWARS+PROBSTAB was used to evaluate the overall effect
of land use/land cover changes on slope stability (defined as change in total area less
than factor of safety 1 and probability of failure >0.70) for five scenarios representing
the: pre-plantation (1913), early phase of plantation (1973), peak phase of plantation
(2001), present day (2008), 8 years from present (2016) assuming an immediate and
complete abandonment and clear felling of rubber plantations, and 50 years from
present (2058) assuming natural regeneration of vegetation in the abandoned areas.
These scenarios were chosen as they highlight the long term and short term changes to
the land use in the study area and thereby enable to evaluate the effects of these
changes on the shallow landslide initiation probabilities. The results of these scenarios
were compared to a no root cohesion scenario such that the net effect of having and
not having vegetation cover on the slopes is made evident.
6.2.

Methods and data

To study the effect of land cover change on slope stability, historic and future
land use/land cover and soil depth maps, associated quantified mechanical and
hydrological effects of vegetation, rainfall data, hydrological response data (perched
water level and/or discharge) and landslide inventory for calibration and validation of
the model was needed. The past and recent land use/land cover maps were available
from Section 5.3. Deriving historic soil depth maps that corresponds to this was
necessary for a realistic back-casting and forecasting of slope hydrology and stability.
The two future land use scenarios (2016 and 2058) were derived based on the
prevailing trend in land use change along the Western Ghats of Kerala (Mathew, 2010).
Some variables were based on Kutilek and Nielsen (1994) (cf. Table 3-2 for the specific
parameters).
The climatic variables for the study were based on the results of Chapter 4.
•

The calibration of STARWARS was performed based on the hourly rainfall,
reference potential evapotranspiration (ETo) and the hydrological response data
from February to September 2008 (cf. Figure 4-8; hereafter calibration period).

•

Validation of the model was performed based on similar data from October to
December 2007 (cf. Figure 4-8; hereafter validation period). Other parameters
necessary for the model (cf. Table 3-2) were based on Chapter 5 and literature (cf.
Table 3-2). Interception loss was quantified as described in Section 3.5.2.

•

The rainfall scenario used for the back-casting and forecasting was the daily
rainfall time series of 1985 disaggregated to hourly. This rainfall time series was
chosen as the rainfall on 25 June 1985 was the highest in amount compared to the
daily rainfall events of all other landslide years (cf. Table 4-5) in the study area.
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Three statistical derivatives were used to assure the agreement between
observed and predicted perched water level (PWL), they being the root mean squared
error (RMSE) with a threshold of 0.15, the correlation coefficient (CC) with a threshold
of 0.6 and the coefficient of determination (R2) with a threshold of 0.5. Attempt was to
achieve the desired accuracy for predicting peak PWL in a 6 hrs interval. The choice of
this temporal aggregation period was based on the earlier analysis in the catchment
which indicated that baseflow (being an integrated response of the groundwater)
peaks lag by 12 hrs from the rainfall event that causes it (Thomas, 2010) and perched
water level lags on an average by 6 hrs (cf. Section 4.5.1). It was assumed that by
calibrating for the minimum of the two the model may capture the most relevant
responses to slope failure, which being persistence of high PWL comparable to that
described in Section 4.5.1. Any attempt to make the model predict in a finer temporal
resolution may be futile given the spatio-temporal variability of rainfall and the
consequent flashy response of PWL in the catchment. In order to achieve six hours
prediction accuracy, the model had to be run with a finer temporal resolution and
hence all inputs were at a 1 hr temporal resolution.
In addition, a threshold R2 of 0.75 was deemed necessary between the
observed vs predicted Q. The total water balance was not emphasised upon; hence the
prediction was considered acceptable even if the model prediction of total discharge
(in water volume; Mm3) was either over or under estimated by 15% compared to the
observed (Quintana Segui et al., 2009). This larger error band was allowed owing to the
fact that significant errors may have propagated to estimating the water volume
equivalent to rainfall [for example, there was up to 5.5% discrepancy in catchment
area (cf. Section 5.2), and fissure storage apparent from the presence of perennial
open wells (cf. Section 3.7) was not accounted for in the model] and the observed
discharge (cf. Section 4.5.2, uncertainty in estimating the rating curve). By calibrating
for the PWL and Q, the model was expected to achieve both local and overall precision,
respectively, in the prediction of the hydrological response of the catchment to rainfall.
The calibrated model was validated with the respective data and was used to
back-cast the hourly hydrological conditions of 2001 based on observed daily rainfall
(disaggregated to hourly; cf. Section 4.4.6).
•

ETo for the back-casting (and later for forecasting) was assumed to be at the same
rates as that of the 2008.
Using the time series map outputs of PWL and volumetric moisture content
(VMC) from the model, the factor of safety condition of the area in 2001 was derived
using PROBSTAB and was calibrated for the landslide occurrences of the year. The root
tensile strength, root pullout strength and root area ratio (cf. Table 5-13) was used
alongside the land use/land cover and soil depth map to prepare the corresponding
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root reinforcement scenario of 2001. The same approach was used to quantify the
historic and future root reinforcement scenarios.
Focus of the PROBSTAB calibration was to reduce the over estimation of area
under failure (FOS<1) compared to the earlier attempt [cf. Table 3-5, SP: FOS<1 (Cs+Cr)]
and attain precision by predicting peak failure conditions (FOS<1) in all landslide
locations on the known date of failure with an acceptable temporal error of 12 hrs
from the known time of failure. This temporal error was acceptable because the
rainfall disaggregation resulted in about +12 hrs shift between the observed and
predicted maximum hourly rainfall on the day of maximum total rainfall in 2008 (cf.
Figure 4-7). The calibrated PROBSTAB was validated against the landslides of 1993 (cf.
Table 3-4) with hydrological inputs from STARWARS for the respective year. The
calibrated and validated STARWARS and PROBSTAB were used to evaluate the overall
effect of land use/land cover changes on slope stability.
6.2.1.

Historical land use and soil depth maps

Discussions with the local inhabitants revealed a downhill permanent
migration of many early settlers abandoning their houses and land uphill, mostly
driven by the urge for urbanized living, affordable to most of these families due to the
high financial returns that rubber plantations provided and partly due to lack of
immediate accessibility to health care and education facilities. The phenomenon of
downhill migration and land abandonment has been noticed all along the highland
regions of Kerala and proposals have already been mooted to acquire the abandoned
land for aforestation (Mathew, 2010). Based on this trend two land use scenarios were
derived to represent the future. Table 6-1 shows these assumed transitions of land use
from the year 2008 to 2016 and 2058.
Table 6-1: Future (8 years and 50 years from 2008) land use/land cover scenarios of Aruvikkal
catchment assuming an immediate abandonment of the area
LU 2008
LU 2016
LU 2058
Mature Rubber (MR)
Young Rubber (YR)
Woody shrubs (WS)
Fragmented forest (FF)
Fallow Land (FL)
Settlement (St)
Degraded Forest (DF)
Degraded Forest
Mixed Crops (MC)
Mixed crops
Forest (F)
Rock (R)
Rock
Grass and Rock (G&R)
Grass and Rock

It was assumed that complete abandonment of the area will result in the
rubber plantations areas being initially cleared for the commercially valuable soft wood
(Krishnankutty et al., 2008) and the present plantation area (mature rubber and young
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rubber), fallow land and settlement area (cf. Figure 5-2) being taken over by woody
shrubs in the immediate future (2016) (Chandrashekara and Ramakrishnan, 1993),
progressively transforming in about 50 years (2058) into a healthy but still fragmented
forest. The degraded forest (cf. Figure 5-2) may need almost 50 years to revitalize and
become a fragmented forest due to the shallow soil depth in such areas.
The highly species rich mixed crop areas may gain a higher vegetation density
without much of qualitative change in the first 8 years, but may become a healthy
deciduous forest in 50 years. Both grassland & rock, and rock areas may remain the
same as they have shown hardly any changes since 1913 to present. Despite the fact
that these land use scenarios may or may not occur in the study area, they help to test
whether slopes once cultivated will actually regain their original stability conditions
(prior to intense cultivation; 1913 scenario in this case) if abandoned completely and
natural regeneration is allowed.
The results of the soil depth interpolation (cf. Section 5.4.4) showed that land
use was the most important determinant of this variable in the catchment. Assuming
that none of the topographical covariates (cf. Figure 5-4) changed their state between
1913 and 2008, soil depth maps corresponding to the land use/land cover maps from
1913 to 2008 (without generalizing the land use/land cover classes) were derived using
the regression kriging model explained in Section 5.4.4. The soil depth measurements
made in 2007-2008 (cf. Figure 5-5, Soil depth) were assumed to be valid for the land
use conditions of 1913 to 2008; for the two future land use scenarios, the soil depth
map of 2008 was used as is. Figure 6-2 shows the difference of these soil depth
predictions from the validated soil depth prediction of 2008 (cf. Section 5.4.4). Most
differences were noticeable along the areas that were rubber plantations and mixed
crop in 2008 (cf. Figure 5-2).
It was doubted if this approach of generating historic soil depth maps by
changing the land use maps in the kriging model (BRKall; cf. Section 5.4.2) will
considerably influence the total volume of soil in the catchment. To test this, the soil
depth maps of 1913, 1973, 2001 and 2008 were overlaid with the land use map of
2008 and the volume of soil per land use class was derived. This was necessary to
ensure that the differences in the soil depth scenarios do not introduce large changes
to soil water storage as a confounding error to soil hydrology. Figure 6-3 shows the
results of this comparison. It was evident that the soil depth maps do not introduce
large confounding errors to the soil water storage. The maps necessarily represents
changes to soil reorganization corresponding to the land use changes and such a
reorganization invariably changes the convergence and divergence zones of water
from time to time. These changes may thus also determine the actual locations where
instability occurs.
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Figure 6-2: Difference between the validated 2008 soil depth map (cf. Figure 5-7A) and the
predicted soil depth maps of 1913, 1973 and 2001 applying the same regression kriging
model as that of 2008

However, as demonstrated through Figure 5-8 there can be several
realizations of soil depth using the same method and the best model explains only
about 50% of the variability (cf. Table 5-5). To choose the ‘best’ realization for a given
year one needs corresponding observational data which was unavailable in this case.
Thus these maps can only be assumed to represent the actual conditions that may
have existed in the past.
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Figure 6-3: Change in soil volume from 1913 to 2008, per land use class of 2008 (cf. Table
6-1 for expansions)

6.2.2.

Hydrological effects of vegetation

The effects of vegetation cover on the hydrological processes of shallow
landsliding can be subdivided into the loss of precipitation by interception and the
removal of soil moisture by evapotranspiration (cf. Figure 6-1) (van Beek, 2002).
Interception loss is a primary water loss as it represents water that never enters the
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soil. The amount depends on the ability of the forest to collect and retain rainfall
(storage capacity of canopy and stem/branches), storm size and intensity, and
evaporation rate. The density, type, and height of the canopy will affect the
interception capacity (Oyebande, 1988). Researchers’ report that 13% to 30% of gross
rainfall is lost by interception in tropical forests (Deguchi et al., 2005; Dietz, 2007;
Holscher et al., 2004). In Tanzania, when a rain event was only 1 mm, 70% was
intercepted, while only 13.3% was intercepted when the rain event measured 40 mm
(Jackson, 1971). Measurements made in H. brasiliensis plantations of Malaysia showed
that interception losses may be as high as 10 to 13% of the total rainfall received in a
month (Yusop et al., 2003).
As described in section 3.5.2, the interception losses were derived using
Aston’s equation outside the STARWARS and directly reduced from the potential rate
of evapotranspiration, results being the reference crop evapotranspiration (cf. Table
5-2 for kc values corresponding to each land use; woody shrubs vegetation and
fragmented forest land use classes were assigned the same value as that of forest
class) to occur from soil and the effective rainfall that reaches the soil surface. This was
achieved by linking the maximum canopy storage (Smax) in the Aston’s equation
(Equation 6) to leaf area index (LAI) as proposed by Campbell and Norman (1998)
which in turn was computed from fractional vegetation cover (fc) based on the method
suggested by Choudhury et al. (1994) and Gillies and Carlson (1995). Fractional
vegetation cover was computed using:

1

NDVI
NDVI

NDVI
NDVI

Equation 24
where, NDVImax is the maximum non spurious NDVI value in a given image, NDVImin the
minimum non-spurious NDVI value in a given image, NDVIi the image itself and kc the
crop factor of the respective vegetation cover on ground. Each land use was assigned
the respective kc values as shown in Table 5-2.
The LAI was derived using:

LAI

2ln 1

f
Equation 25

It was known from earlier research that the fc was highly sensitive to the kc
value (Kuriakose et al., 2006). The extinction factor, k, of Aston’s equation (Equation 6)
was computed as:
k = 0.046*LAI
Equation 26
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For scenarios before 2001, the long period (2001-2009) monthly average
fractional vegetation (Afc) cover was used to derive the leaf area index. Figure 6-4
shows the changes in Afc per land use class of 2008. Appendix 13 shows few instances
of the interception maps computed using this method. The fractional vegetation cover
and consequently the LAI follow the seasonal characteristics of the relatively deciduous
plants in the study area – they shed leaves in November and regain them from June
with the peak period of foliage being August and September. The relatively lower value
of Afc during July as compared to June can be attributed to the dense cloud cover that
results in lower NDVI values. The interception rates were probably an underestimate
as the total values reported for similar environments (see above) during the rainy
season range between 13 and 30% as against 6 to 7% herein.
Fractional vegetation cover
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Figure 6-4: Long period (2001-2009) monthly average fractional vegetation cover per
land use
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Figure 6-5: Total rainfall (RF), rainfall after interception (RF) and the combined loss due
to bare soil evaporation and transpiration (AET) for five days in July 2008
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This underestimate may be attributed to the relatively low cover fractions as
compared to reported values for similar land use from elsewhere in the country (Lele
et al., 2005), and may have its bearing on the eventual water balance. However, the
MODIS 16 day NDVI based parameterization was used for the research as it enabled to
quantify the spatial and temporal variability of interception values computed. Further,
it was also known from Table 3-6 that interception had very little immediate bearing
on the actual PWL condition predicted by the model at the time of failure; a fact which
was reiterated in this attempt as well.
The crop adjusted reference evapotranspiration based on the Aston’s model
was split into transpiration, which was equivalent in fraction to the fractional
vegetation cover (cf. Section 3.5.2) of the respective cell and the remainder was bare
soil evaporation. The transpiration (Tveg) was adjusted to the evaporative demand and
the availability of soil water by using the available water storage in the root zone (Rs),
the limiting water storage in the root zone (Rslim) and an extinction factor (ef), as:
1/ 1

/
Equation 27

where, ETP is the interception reduced crop specific reference evapotranspiration and
fc the fractional vegetation cover.
The bare soil evaporation was limited to the minimum of the potential rate
and the unsaturated hydraulic conductivity. Given the apparent reduction in root
fraction from the soil surface to the bed rock layer (assumed to be equivalent to the
ratio between the depth of the soil layer and the total soil depth) the limiting root zone
storage at which the evapotranspiration was halved was calculated. This was achieved
based on field capacity, with reductions approaching unity when the storage in the
column was larger than field capacity and falling thereafter. The available unsaturated
and saturated storage in the root zone was calculated and compared to the limiting
water storage in the root zone.
This was then used to calculate a scaling factor. The actual transpiration was
then obtained by scaling the potential rate. This was then split into the saturated part
and the remainder being passed to the unsaturated zone. This unsaturated
transpiration was then split over the layers by calculating the equivalent unsaturated
root depth and weighing this accordingly per layer. Thus the total actual
evapotranspiration loss per layer was calculated with the first soil layer also accounting
for the bare soil evaporation. Figure 6-5 shows the hourly rainfall, rainfall after
interception and loss due to bare soil evaporation and transpiration for five days in July
2008. The combined losses due to interception, bare soil evaporation and transpiration
was 7.8% during the calibration period and 8.4% during the validation period. This was
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about 10% of the total rainfall in a complete year (1993, 1985 and 2001). Thus it was
evident that the hydrological effects of vegetation during an above average monsoon
season had little bearing on the slope hydrological conditions.
6.2.3.

Mechanical effects of vegetation

Mechanical effects of vegetation comprise reinforcement of soil by roots,
surcharge, wind-loading and surface protection (cf. Figure 6-1) (Greenway, 1987). For
this study, root reinforcement was quantified as root induced cohesion (cf. Section 5.5)
while wind loading, surcharge and surface protection effects were ignored. The net
root induced cohesion is determined by the root area ratio (cf. Equation 8), which in
turn is influenced by the soil depth. Thus, land use changes not only changes soil
depth, but also changes the net root reinforcement available.
As described in Section 5.5.5 some substitutions were warranted especially to
quantify the root cohesion of past and future land use scenarios. The MC Tg, MC Gg, P7
and P11 sites had only root counts and hence they were assumed to be having the
same D vs Rd, Rd vs TS and Rd vs PS relationships as that of T. grandis (MC Tg), G.
gummigutta (MC Gg) and C. citratus (P7 and P11), respectively. The woody shrubs
(WS) was assigned the values of mixed crops with teak (MC Tg). The Forest (F) land use
was assigned the measurements corresponding to the T. grandis as the natural forests
that were once found in the area were dominated by hard wood trees (Souvenir
Committee, 1982; Victor, 1962) while the fragmented forest (FF) was assigned the
average value of the relationships of the different species (cf. Table 5-12) present in
this land use type (cf. Table 5-13).
Table 6-2: Upper and lower limits of root cohesion (Cr) calculated based on perpendicular root
model for the four land use scenarios namely pre-plantation (1913), post-plantation (1973),
peak-anthropogenic phase (2001) and short term changes to land use/land cover during the
peak-anthropogenic phase (2008)
LU
Cr (TS) STD
Cr (TS) Max
Cr (TS) Avg
Cr (PS) STD Cr (PS) Max Cr (PS) Avg
1913
17.7
137.9
9.1
4.1
40.8
1.8
1973
3.7
33.9
1.9
0.9
7.7
0.6
2001
3.3
34.6
1.6
0.9
7.8
0.7
2008
3.4
33.9
1.9
0.9
7.6
0.7
2016
3.1
33.9
0.9
0.7
7.6
0.2
2058
11.4
134.9
5.5
2.6
39.6
0.9
LU: Landuse; STD: Standard deviation; Max: Maximum; Avg: Average. All values in kPa

Figure 6-6 shows the difference of the upper and lower limits of root cohesion
(cf. Section 5.5) in the years 2001, 1973, 1913, 2016 and 2058 from that of the 2008.
Table 6-2 shows the descriptive statistics of root cohesion derived for individual land
use scenarios. Major changes were evident along the scarp faces, covered by the forest
in 1913 (cf. Figure 5-2, 1913) which evolved into degraded forest and mixed crops in
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1973. A complete abandonment of the area and clear felling of the rubber trees
implies a substantial reduction of root cohesion from 2008 to 2016. In plantation land
use when trees are cut, the root system begins to decay leading to the progressive
weakening of soil-root fabric (Schmidt et al., 2001). Research elsewhere in the world
has shown that an area is most susceptible to landsliding between 2 to 12 years after
forest clearing (Sidle and Terry, 1992). During this period root strength will be at its
minimum due to the time lag in the establishment of natural vegetation and the
progressive decay of the roots from the culled trees (O'Loughlin and Ziemer, 1982).
Hence the woody shrubs land use class was assumed to have the root area ratio
equivalent to that of MC Tg (assuming that some hard wood trees and coconut palms
may still be standing), and thereby the corresponding root cohesion (cf. Table 6-2).
It is know that after the reestablishment of natural vegetation in clear felled
forests and plantation areas, it takes several decades for soil to regain the strength of
that in the uncut forest (Ziemer, 1981). Hence, fifty years after the assumed
abandonment (2058), the mixed crop area may achieve the status of a healthy
hardwood deciduous forest with substantial gain in root cohesion, while the plantation
and degraded forest areas may still not have achieved this status due to the initial lack
of species richness and soil thickness in these areas (cf. Table 6-2).
6.3.

Calibration and validation

6.3.1.

STARWARS

Calibration of spatially distributed models is often performed automatically
using the simple genetic algorithm (Reed et al., 2000), the shuffled complex evolution
(SCE-UA) method (Duan et al., 1992), the multiple start simplex and local simplex
methods (Gan and Biftu, 1996), simulated annealing (Thyer et al., 1999) or the
parameter estimation (PEST) algorithm (Doherty and Johnston, 2003). However, a
manual calibration was preferred over an automated one for this study. Commonly,
hydrologists use discharge observations for the calibration and validation of distributed
hill slope hydrology models (Refsgaard, 1997; Rossi et al., 2008; Xevi et al., 1997) while
some others use baseflow estimates (Ferket et al., 2009; Rouhani et al., 2007). Most
landslide researchers use volumetric moisture content, pore water pressure, perched
water level measurements (Godt et al., 2008; van Beek and van Asch, 2004) or
discharge (Bathurst et al., 2009; Casadei et al., 2003) to calibrate the hydrology
component of the slope stability models that they use to analyze hydrologically
triggered landslides.
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Figure 6-6: Upper (based on tensile strength) and lower limit (based on pullout strength) of root reinforcement
applicable to the land use/land cover of 2008 and the difference of these limits, corresponding to 2001, 1973, 1913,
2016 and 2058 from that of the 2008 scenario
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Both volumetric moisture content and perched water level (PWL) are highly
influenced by the local characteristics of the location of measurement (as also
illustrated in this research cf. Section 4.5.1), while discharge (Q) depends on the overall
water balance, basin shape and stream network characteristics. These single variable
approaches ignores the issue of equifinality as was illustrated by Beven and Binley
(1992). Many studies emphasize that calibrating a hydrological model only on
discharge leaves much room for equifinality (Jetten et al., 2003). The discharge is only
in rare cases a good integrator of the processes in a catchment. Moreover, Aruvikkal
catchment has a quick response not only of runoff but also of subsurface flow (cf.
Section 4.5) making it harder to calibrate subsurface processes. The discharge is
therefore not the best variable to calibrate the model spatially, in this case.
Consequently it was decided to attempt a calibration of both discharge and perched
water level fluctuations. Maneta Lopez et al. (2008) show that the degrees of freedom
decrease with a full hydrological calibration, and although the simulated discharge may
be less close to the observed discharge, the spatial information gained and validity of
the calibration increases. In this study the hydrology model was constrained using
perched water level at the piezometers (cf. Figure 4-9) and Q at the study area outlet
(cf. Figure 4-8). The focus of the calibration was to capture the maximum PWL in a 6
hrs interval at the hollow piezometers 3, 5, 7 and 11. The data from all piezometers
except 1, 12 and 13 (due to incomplete data) were considered for the validation (cf.
Table 4-1 and Figure 4-1).
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Figure 6-7: Comparison of hourly discharge derived from the old and the new STARWARS
for a short times span during the calibration period

A pre-calibration run was performed with the combination of input data as
shown in Table 3-2, which indicated that the model was unable to capture the
observed pattern of both the Q and the PWL. Figure 6-7 (Old) shows the predicted Q as
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against the observed for a short period during the calibration period. This warranted
some modifications to the model script used in Chapter 3.
Table 6-3: Combination of data used for: a) the calibration and validation of STARWARS, b)
deriving the hydrological conditions for the calibration and validation of PROBSTAB and c) backcasting and forecasting slope stability combining both STARWARS and PROBSTAB
Scenario
RF
SD
LU
ksat Infil
Pr
SWRC
fc
OD
a) Cal and Val of STARWARS
PWL and
Q of PMPM-SWM
SWM
2008
2008 (cf.
Calibration
hourly (cf.
08fc
Figure 4-8
Figure
for Q and
4-8)
Figure 4-9
Maps and values reported in Chapter 5
for PWL)
PWL and
NEM 2007
Q of NEM
hourly (cf.
Validation
07fc
2007 (cf.
Figure
Figure 4-8
4-8)
for Q)
b) Cal and Val of PROBSTAB
2001 daily
disaggreg
No
2001 (Cal)
2001
01fc
ated to
hydrology
hourly
data
Maps and values reported
available
in Chapter 5
1993 daily
for
disaggreg
1993 (Val)
1973
Afc
valdiation
ated to
hourly
c) Hydrological scenarios for back-casting and forecasting slope stability
RI100 1913 1985 daily
1913
No
Afc
RI100 1973 (cf. Figure
1973
hydrology
RI100 2001
2001
01fc
4-7)
Maps and values reported
data
disaggreg
in Chapter 5
available
RI100 2008
2008
08fc
ated to
for
2008 2016
RI100 2016
Afc
hourly
validation
RI100 2058
2058
RF: Rainfall, LU: Land use (cf. Figure 5-2); SD: Soil depth (cf. Figure 5-7A for 2008 and Figure 6-2 for other
years); ksat: Saturate hydraulic conductivity; Infil: Infiltration; Pr: Porosity; SWRC: Soil water retention
curve parameters (hA and α); fc: Fractional vegetation cover for calculating interception (Afc: Long period
average 2001-2009; 01fc, 07fc & 08fc: fc corresponding to the respective rainfall period/years); OD:
Observed data used for calibration and validation; PWL: Perched water level; Q: Discharge

The version of STARWARS used in this chapter (the ‘new’ model) extends the
model in chapter 3. In order to enable a calibration against discharge on an hourly
basis, the simple accumulation algorithms in the original STARWARS had to be replaced
by a better flow accumulation. Water available for runoff was transformed to runoff
velocity and discharge per cell with the Manning equation. Outside the STARWARS
script, the Q was calculated using a linear reservoir(s) Nash cascade model (Nash,
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1960) for the bedrock store - replenished by the losses at the lithic contact - and a unit
hydrograph to introduce the observed delay in the direct runoff due to excess
precipitation. The Nash cascade was implemented in this case with four reservoirs with
each reservoir having a storage constant of 0.5, 0.6, 0.5 and 0.6 respectively. The
number of reservoirs and the respective values of the storage constants were decided
based on several trial and error runs. Another modification that was made to the
model was in determining the actual evapotranspiration. In the earlier model,
evapotranspiration to occur from the soil was scaled linearly based on the available
storage and the crop factors, while in this version the root fractions were included to
allow preferential extraction of water from individual soil layers.
Figure 6-7 shows the comparison of hourly discharge derived for part of the
calibration period using the ‘new’ script as against that based on the ‘old’ script and
the observed with all input parameters set equal. Both the old and the new script
overestimated total and peak discharge. It was evident that the new model was more
robust in replicating the observed pattern of Q, compared to the old model, although
an elaborate calibration was still necessary to simulate the observed pattern of PWL.
Much of the improvement was a result of the changes made to the flow accumulation
part of the model.
Calibration parameters
Table 6-4 shows the parameters and the reasons for choosing these
parameters for the calibration. All soil properties were available only for the top 30 cm
layer while it was apparent that there was a depth wise variation in the soil
hydrological properties, especially for ksat. The ksatBC was unknown and hence was set
at the minimum observed ksat value to start with and was progressively changed to the
value reported in Table 6-4. The ksat at the surface (ksat0) was calculated assuming an
exponential increase from the top layer ksat map (cf. Figure 5-7C) which was assumed
to be representative of the value at half the depth of the first layer.
The values of ksat at the top of the subsequent soil layers were estimated
assuming an exponential decay having the form ksat0*exp(-beta*d), where the d was
the depth from soil surface until the top of the layer under consideration and the beta
value was calculated as the ratio between (ln(ksat/ksatBC)) and the difference between
the total soil depth and half the depth of the first layer. This reduced the number of
parameters needed for getting an estimate of the depth wise ksat to two values, they
being that of ksatBC and ksat. The ksat was calibrated with a pre-multiplier thereby
avoiding not having to modify interpolated ksat map directly. Other than the
parameters listed in Table 6-4, porosity may also have had a depth wise variability, but
was conveniently excluded from being a calibration parameter.
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Table 6-4: Parameters chosen for the calibration of STARWARS and PROBSTAB, their original
values, calibrated values and reasons for choosing these parameters
Parameters
Original value
Calibrated value
Reason
STARWARS
MF
LU
Valu
e
MR
60.1
YR
60.4
Figure
FL
56
5-7C
MC
50
multip
Large uncertainty
R
lied by
ksat (m/hr)
cf. Figure 5-7C
as noticeable from
a MF
S
40.2
Figure 5-7D
per
DF
60.9
land
G&R
60.5
use
Same
SWV
as FL
FF
Same
as
F
MC
No measurements
ksatBC (m/hr)
0.016 (Arbitrary)
0.28
were available
Had had only few
Infiltration
14.6 times ksat layer 1
samples and a
(Proportional to
(Observed absolute
10 times ksat of layer 1
wide range (cf.
ksat of layer 1)
maximum)
Table 5-7, SF)
PsiBC (m)
3 (Arbitrary)
1
PsiFC (m)
1 (Arbitrary)
0.5
TransBeta
No measurements
(positive,
or estimates were
dimensionless;
available
Shape factor
3 (Arbitrary)
1
for
transpiration
scaling)
ManN
(Manning's N to
0.01 (Arbitrary)
0.1
estimate
residence time)
Table 5-7, hA * 0.5
L1
Unit value
per land
L2
Table 5-7, hA * 0.6
hA (m; Air entry
use (cf.
value)
Had only few
Table 5-7,
L3
Table 5-7, hA * 0.42
samples and a
h A)
wide range (cf.
14.6 (Unit
L1
Table 5-7, Avg α * 0.5
α
Table 5-7, hA and
value; cf.
(dimensionless;
L2
Table 5-7, Avg α * 0.55 α)
Table 5-7,
slope of soil
Average of
water retention
L3
Table 5-7, Avg α * 0.33
curve)
α)
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PROBSTAB

Cs (kPa; soil
cohesion)

Figure 5-10A

Figure 5-10A + 2.8

Large differences
between the
results of two
different
measurement
techniques (cf.
Table 5-8) and the
model showed
high sensitivity to
this parameter (cf.
Figure 3-15)

MF: Pre-multiplication factor; LU: Landuse; MR: Mature rubber; YR: Young rubber; FL: Fallow land; MC:
Mixed crops; R: Rock; S: Settlement; DF: Degraded forest; F: Forest (set to be same as MC, only present
in 1913); L1, L2, L3: Soil layers 1, 2 and 3

Manual calibration
Initially the values of the calibration parameters were set to that of the top
layer. These parameters were changed from one model run to another depending on
the response patterns that were being produced. The runs were stopped when the
desired accuracy thresholds were achieved (cf. Section 6.2). Given the very quick
hydrological response of the catchment (cf. Section 4.5) and as the calibration period
started in a dry season (note that pre-monsoon season is relatively drier, cf. Table 4-2)
all initial conditions for the calibration were set to a dry state. In order to ensure
realistic initial conditions for the validation period simulation, the model was set to run
starting one month before (September 2007) the actual validation period with the
initial PWL and volumetric moisture content values set to the result of the last time
step during the calibration period (30 September 2008 23:00 hrs).
Results of calibration and validation
Table 6-5 shows the accuracy statistics of the calibration and validation of
STARWARS. Figure 6-8 shows the maximum PWL in every 6 hrs during the month of
July 2008 (representing the calibration period) at two sets of piezometers, each set
representing the two sub-catchments (cf. Table 4-1, Figure 4-1; Logger Ids’ 11, 5, 8 and
10 representing the southern and 3, 7, 6 and 9 the northern sub-catchments
respectively) and Figure 6-9 shows the same for October 2007 (representing the
validation period). Figure 6-10 shows few instances of PWL time series produced by
the model for the calibration and validation period. Figure 6-11 shows the observed
and predicted Q during the calibration (1 Feb 05:00 hrs to 30 Sep 23:00 hrs, 2008) and
validation (1 Oct 05:00 hrs to 31 Dec 23:00 hrs, 2007) period. The model achieved the
desired precision (cf. Table 6-5, RMSE), captured the response pattern acceptably (cf.
Table 6-5, CC) and explained about 51% of the variance of PWL (cf. Table 6-5, R2). The
timing of peak response was predicted considerably well at almost all piezometers;
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more so during the validation period. Considering all piezometers, the explained
variance degraded to about 46% in the validation period.
Table 6-5: Accuracy statistics of perched water level (maximum in 6 hrs) and discharge
predictions (sum of 6 hrs) by STARWARS during the calibration and validation period
Perched water level
Calibration Period
L ID
SDobs
SDpred
RMSE
CC
R2
P2
0.65
0.80
0.125
0.41
0.17
P3
2.60
0.93
0.033
0.75
0.57
P4
1.20
1.29
0.348
0.59
0.34
P5
1.30
1.07
0.033
0.63
0.39
P6
1.32
1.32
0.264
0.37
0.14
P7
1.90
1.26
0.194
0.82
0.68
P8
0.99
0.98
0.059
0.73
0.54
P9
1.86
1.85
0.111
0.43
0.19
P10
1.65
1.41
0.055
0.70
0.49
P11
1.70
1.50
0.085
0.75
0.56
Validation period
P2
0.107
0.71
0.51
P3
0.021
0.73
0.53
P4
0.064
0.91
0.82
P5
0.017
0.69
0.47
P6
0.254
0.59
0.35
Same as above
P7
0.253
0.47
0.22
P8
0.044
0.84
0.70
P9
0.087
0.54
0.29
P10
0.013
0.80
0.64
P11
0.091
0.81
0.65
Discharge (Mm3)
Period
RF
NRF
AET
Qpred
Qobs
Diff
RMSE
CC
R2
Cal
34.55
32.12 31.85 31.05 27.08
+3.97
0.014
0.91
0.84
Val
6.84
6.31
6.27
6.21
6.67
-0.46
0.007
0.96
0.92
L ID: Logger ID (cf. Figure 4-1); SDobs and SDpred: Observed and Predicted soil depth (cf. Figure 5-7A);
2
RMSE: Root mean squared error; CC: Correlation coefficient; R : Coefficient of determination; RF: Total
rainfall; NRF: Rainfall after interception loss; AET: Effective rainfall after interception, transpiration and
bare soil evaporation losses; Qpred: Predicted discharge; Qobs: Observed discharge; Diff: Difference
between predicted and observed discharge

An overall decline in the accuracy of PWL prediction was observed from the
higher to lower altitudes and also with increase in upslope area that drains to
individual piezometer locations. These rather low values of explained variance can be
attributed to the following major uncertainties in the input data and parameterization.
The attempt was to predict the exact same response as observed in a 55 mm diameter
soil column over a 10 m by 10 m diameter, thus having such consequences on the
results.
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Figure 6-8: Comparison of observed vs predicted maximum perched water level in every 6
hrs for July 2008 (representing the calibration period) at two sets of piezometers,
representing the southern (11, 5, 8, 10) and the northern (3, 7, 6, 9) sub-catchments
respectively.
The graphs are ordered in a descending manner based on altitude (a.m.s.l)
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Figure 6-9: Comparison of observed vs predicted maximum perched water level in every 6
hrs for October 2007 (representing the validation period) at two sets of piezometers,
representing the southern (11, 5, 8, 10) and the northern (3, 7, 6, 9) sub-catchments
respectively.
The graphs are ordered in a descending manner based on altitude (a.m.s.l).
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Figure 6-10: Perched water level maps predicted by the STARWARS for the calibration and validation period
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Figure 6-11: Comparison of observed vs predicted total discharge in 6 hrs time steps during
the calibration (1 Feb 05:00 hrs to 30 Sep 23:00 hrs, 2008) and validation (1 Oct 05:00 hrs
to 31 Dec 23:00 hrs, 2007) period
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In reality the factors that determine the specific response may be more
localized, for example the presence of macropores draining through the piezometer
walls. These macropores may be paths of decayed roots from an early crop cycle of the
rubber plantation. Also fissures and spaces between stones in the soil and at the
contact between regolith and bedrock have been observed. The contribution of such
macropores to the hydrological responses were not conceptualized or parameterized
for this study. As data was available only for the top soil layer, generalizations were
necessary to parameterize the subsequent layers below. This implied extrapolation and
hence generalization leading to uncertainties in interflow and percolation. An
associated source of uncertainty was the precision of interpolation and hence local
estimates of the variables at the piezometer locations. The soil depth interpolation
results are an example of this; prediction at all except one piezometer was erroneous
(cf. Table 6-5, SDobs and SDpred).
The model showed significant ability in predicting the pattern of discharge (cf.
Table 6-5, Discharge, CC) and explained about 88% of the variance (cf. Table 6-5,
Discharge, R2). However, the total discharge was overestimated (by 14.7%) for the
calibration period, while was underestimated (by 6.9%) for the validation period. This
error may mainly be due to errors in the original estimate of ETo (cf. Table 4-8) and the
lack of bed rock fissure storage estimates.
Although there is still scope of improvement, the efforts to calibrate and
validate the hydrology model were stopped as the desired accuracy thresholds were
achieved, and were comparable to the results of similar studies from elsewhere (Giertz
et al., 2006; Malet et al., 2005a; Refsgaard, 1997; Sahoo et al., 2006; van Beek and van
Asch, 2004). It was evident that the prediction of total discharge was better compared
to the prediction of perched water level (cf. Table 6-5), while the integrated response
of subsurface flow - the base flow, fitted reasonably well with the observed (cf. Figure
6-11). Thus, although the model was able to replicate the general pattern of
hydrological response of the catchment acceptably, there was still lack of local
precision. This leads to the assessment that the parameterization of the model,
especially the representation of subsurface flow paths and the subsurface variables has
to be improved for any better predictions.
6.3.2.

PROBSTAB

A pre-calibration run of PROBSTAB was performed for the year 2001 with the
respective input data combination (cf. Table 6-5). The results showed that the area
under failure (FOS<1) was ~1.3 km2 and all the locations failed with most rainfall events
>5 mm. Hence a calibration was deemed necessary. The parameter chosen for the
calibration was soil cohesion (cf. Table 6-4 for the reasons).
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Table 6-6: Combination of data used in PROBSTAB for the calibration and validation of the model and for the back-casting and forecasting slope
stability
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The value of cohesion was progressively increased from one run to another by
adding a unit value to the cohesion map. This was continued until all the landslide
locations of 2001 achieved an FOS<1 on the known date of failure, while the area
overestimation reduced compared to the pre-calibration run. Table 6-4 shows the
value added to the cohesion that resulted in the desired accuracy. In order to calculate
the probability of failure using the FOSM method (cf. Section 3.2.3) the averages and
the standard deviations applicable for each of the parameters used in the factor of
safety calculation was necessary. Table 6-6 shows the averages and the standard
deviations of the parameters used for the calculation of the probability of failure
corresponding to the PROBSTAB calibration (2001 Cal) and validation (1993 Val) years.
As it was the case in the previous attempt (cf. Section 3.9.1), the hydrological
responses (perched water level and volumetric moisture content) were not treated as
independent variables in the FOSM model. Rather, the variation of perched water level
was considered as a representation of the variability of pore water pressure capable of
triggering shallow landslides for the period under consideration. A major uncertainty in
the estimate of probability of failure using this approach was that the statistical
variability of a parameter within its’ measured limits was assumed as a proxy to its
changes over time.
Results
Table 6-7 shows the soil hydrological properties, hydrological response
characteristics, and corresponding failure conditions at the landslide locations of 2001
and 1993 on the known date of failure +1 day. Table 6-8 shows the probability of
failure, the average values of the parameters used in PROBSTAB and the sensitivity
(contribution to variance in the calculation of probability failure using FOSM method;
cf. 3.2.3) of the model to these parameters at the landslide locations of 2001 and 1993.
Figure 6-12 shows the area with FOS<1 and the probability of failure (PF) of areas with
FOS<1 (PF of FOS<1) of 2001 and 1993. Figure 6-13A and B shows the hourly factor of
safety time series of 2001 and 1993, respectively. Figure 6-13C and D shows the
response of perched water level and factor of safety at two representative landslides
each of 2001 and 1993 on the day preceding, including and succeeding the known date
of failure. Figure 6-14 shows the area with FOS<1 and area with probability of failure
>0.7 of the calibration (2001 Cal) and validation (1993 Val) years. The model predicted
peak failure conditions on the actual date of failure at all the known landslide locations
of 2001 (cf. Figure 6-13A and C and Table 6-7). At two locations failure conditions
occurred prior to the actual date of failure but for shorter periods of time (cf. Table
6-7; NFFOS<1, LSC 1 & 5) and the area of failure reduced from the pre-calibration run
by ~20% (cf. Figure 6-14; 2001 Cal, FOS<1).
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Table 6-7: Soil hydrologic properties and perched water level response at the known landslide initiation locations of 2001 and 1993 on the
known Date of Failure (DoF) ± 1 day
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Table 6-8: Probability of failure at the known landslide initiation locations of 2001 and 1993,
average parameter values used in PROBSTAB and the sensitivity of the model to these
parameters
Cr
LSC
PF
SD
Cs
AIF
Pr
BD
Slp
TS
PS
2001
V
0.58
0.68
0.04
0.04
29.9
0.49
1.40
52.7
1
0.78
S
0.74
0.26
0.00
0.00
0.00
0.00
0.00
V
0.74
1.13
0.14
0.14
31.3
0.48
1.40
57.9
2
0.74
S
0.15
0.84
0.00
0.01
0.00
0.00
0.00
V
1.21
2.87
1.09
1.21
29.6
0.46
1.46
46.9
3
0.66
S
0.11
0.83
0.03
0.03
0.00
0.00
0.00
V
1.36
3.98
0.81
0.92
25.68
0.46
1.45
48.7
4
0.68
S
0.09
0.85
0.02
0.04
0.00
0.00
0.00
V
0.72
1.76
0.02
0.02
29.5
0.49
1.41
89.6
5
0.72
S
0.18
0.81
0.00
0.01
0.00
0.00
0.00
1993
V
1.24
0.82
0.01
0.01
30.9
0.47
1.42
27.6
1
0.69
S
0.00
0.36
0.61
0.03
0.00
0.00
0.00
V
1.51
2.31
0.60
0.71
27.9
0.45
1.48
31.5
2
0.71
S
0.00
0.24
0.73
0.03
0.00
0.00
0.00
V
1.44
3.18
0.01
0.01
22.2
0.46
1.47
32.0
3
0.72
S
0.02
0.28
0.67
0.03
0.00
0.00
0.00
V
1.68
3.23
0.43
0.52
20.8
0.45
1.48
36.5
4
0.75
S
0.00
0.22
0.74
0.04
0.00
0.00
0.00
V
0.97
2.36
0.01
0.01
21.9
0.46
1.45
38.3
5
0.72
S
0.10
0.39
0.50
0.01
0.00
0.00
0.00
V
0.87
2.16
0.01
0.01
21.8
0.46
1.45
38.5
6
0.73
S
0.15
0.41
0.43
0.01
0.00
0.00
0.00
V
0.85
2.09
0.01
0.01
21.5
0.46
1.45
43.0
7
0.74
S
0.14
0.43
0.42
0.01
0.00
0.00
0.00
V
0.95
3.54
0.01
0.01
28.7
0.47
1.42
67.6
8
0.72
S
0.19
0.33
0.48
0.00
0.00
0.00
0.00
LSC: Landslide codes (cf. Figure 6-12); PF: Probability of failure (-); SD: Soil depth (m); Cs: Soil cohesion
(kPa); Cr TS: Root cohesion upper limit; Cr PS: Root cohesion lower limit; AIF: Angle of internal friction (°);
Pr: Porosity (-); BD: Bulk density (gm/cc); Slp: Slope (°)

The predicted average probability of failure at the landslide locations of 2001
was 0.71 (cf. Table 6-8, 2001). As the calibration targets were achieved, the model was
validated with the 1993 landslides (cf. Table 6-8, 1993). In an idealistic situation, a
perfectly calibrated physically-based model should predict FOS<1 at the landslide
locations (and only the landslide locations) only on the known date/time of failure. The
overestimation of area of failure by such models, including STARWARS+PROBSTAB was
known from preceding studies (cf. Chapter 3) and the reasons for it ranges from the
use of large grid sizes than the area occupied by the real phenomena to data
generalization and data errors.
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Figure 6-12: Area under factor of safety <1 (FOS<1) and the probability of failure for the
PROBSTAB calibration (2001) and validation (1993) years overlaid with the landslide
locations of the respective years
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Figure 6-13: Factor of safety time series of A) 2001 (Cal) and B) 1993 (Val), and perched
water level and factor of safety time series of C) July 2001 (known date of failure: 8 Jul)
and D) October 1993 (known date of failure: 8 Oct)
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Figure 6-14: Area with factor of safety <1, area with probability of failure >0.7 and,
average probability of failure of areas with FOS<1 and FOS>1 of all the modelled scenarios
APFFOS: Average probability of failure in areas with FOS

The model performance was better for the validation data set (1993)
compared to that of 2001, in terms of area estimated with FOS<1 (cf. Figure 6-14, 1993
Val) while the temporal prediction quality was comparatively lower. Although all
landslide locations experienced the absolute peak failure conditions (minimum FOS in
the entire year) on the known date of failure +12 hrs (acceptable temporal error, cf.
Section 6.2 for reasons), four of it also experienced failure conditions many times prior
to the actual date of failure (cf. Table 6-7, 1993, NFFOS<1). This more frequent
occurrence of FOS<1 conditions may partly be explained by the fact that there were
more number of closely spaced wet hours in 1993 as compared to 2001 (cf. Figure
6-13A and B). Also, the absolute maximum hourly rainfall was about 10 mm higher in
1993 as compared to that of 2001. The average probability of failure (0.72) at the 1993
landslide locations were marginally higher than that predicted at the 2001 locations
which may mainly be attributed to the root cohesion available at the locations (cf.
Table 6-8, 1993, Values and Sensitivity to Cr).
The continuous rain spell (herein defined as continuous rainfall with no
rainless intermittence lasting >6 hrs, as the temporal precision aimed at was 6 hrs)
required to cause failure conditions at the landslide locations lasted 6 to 31 hrs (on an
average 19 hrs; cf. Table 6-7, TFFOS<1) with amounts varying between 106.4 to 290
mm (on an average 178.9 mm; cf. Table 6-7, ARF). Lagging the continuous rain spell by
an hour, high PWL conditions arose and persisted at almost all landslide locations for
~10 hrs and more (cf. Table 6-7).
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Figure 6-15: Sensitivity of the results of PROBSTAB to the major determinants of probability of failure of the calibration (2001)
and validation (1993) years
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This caused failure conditions (FOS<1) to arise which lasted between 3
discontinuous time steps in a period of 36 hrs (date of failure +12 hrs) to 26 continuous
time steps in the same period of time (cf. Table 6-7, NTDFOS<1). Thus persistence of
high PWL was needed for failure conditions to arise which required continuous rain
storms lasting between 6 to 31 hrs amounting between 106.4 to 290 mm. This
substantiates the empirical observations of Section 4.5.1 (cf. Figure 4-10).
The landslide locations of 2001 showed high sensitivity to soil cohesion and
soil depth (cf. Table 6-8, 2001). This was not surprising as the calibration assumed all
uncertainties to be arising from soil cohesion estimates and hence targeted this
variable to optimize the model thereby resulting in more deviation from mean
cohesion values at these locations. A more realistic picture emerged when the
calibrated model was used for validation; all landslide locations of 1993 showed
sensitivity to root cohesion, soil cohesion and soil depth in a descending order (cf.
Table 6-8, 1993). The probability of failure was sensitive to root cohesion mostly along
the agricultural land use areas (rubber plantation and mixed crops), while it was more
sensitive to soil depth along the exposed rock, and grass land and rock margins. Figure
6-15 shows the sensitivity of PROBSTAB to the most dominant parameters that
determined the probability of failure of 2001 and 1993. The probability of failure was
mainly determined by the amount of available root cohesion (in the agricultural land
use areas) and soil depth along the margins of the exposed rock, and grass and rock
land uses where most of the bed rock depressions are found.
6.4.

Back-casting and forecasting of slope stability

As the model was able to capture the processes leading to failure and
highlight the most important variables determining the probability of failure, it was
deemed useful to evaluate the effects of historic and future land use changes on the
stability of the study area. The scenarios simulated correspond to the 1913, 1973,
2001, 2008, 2016 and 2058 land use conditions. Table 6-6 shows the combinations of
input data used for the back-casting and forecasting of slope stability. In addition, a noroot cohesion scenario was also simulated with the state of other variables set to that
of the 2008 scenario (cf. Table 6-6, RI100 2008NRC). The hydrological conditions
corresponding to each of the land use scenario (and consequently soil depth and root
cohesion states), was derived with the 1985 daily rainfall disaggregated to hourly (cf.
Figure 4-7), the hourly reference evapotranspiration as observed in 2008 (cf. Section
4.4.7; Figure 4-8) and the long period monthly average fractional vegetation cover (for
computing rainfall interception and transpiration; cf. Section 6.2.2).
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6.4.1.

Results

Total area with factor of safety <1, total area with probability of failure >0.7,
average probability of failure in areas with FOS>1 and average probability of failure in
areas with FOS<1 of the predictions were compared to assess the effects of changes in
land use and consequent changes in soil depth and root cohesion, to the overall
stability of the study area. Figure 6-14 shows these area and probability value
statistics. In addition, the probability of failure of RI100 1913, 1973, 2001 and 2008
scenarios was averaged and was compared with the entire landslide inventory to
assess the long term validity of the model predictions. Figure 6-16 shows few instances
of perched water level of RI100 1913 and RI100 2008 predicted by STARWARS and the
corresponding factor of safety conditions predicted by PROBSTAB. It was evident that
the margins of rock exposures where soil depth is considerably low experiences rapid
saturation and the persistence of such saturation conditions throughout the rainy
season. A large part of the catchment experience saturation conditions on the day of
maximum rainfall and the day following it.
Figure 6-17 shows the areas with FOS<1 and probability of failure of areas of
the various scenarios simulated. Given the most extreme daily rainfall (1985) that
caused landslides in the study area and with no root cohesion present the total area
under failure may be as much as 19% (cf. Figure 6-14) of the total area (9.3517 km2).
With the same rainfall, the area under failure (FOS<1) was as much as 9% in the preplantation era (1913) which increased to 13% in the early phase (1973) and continues
to be around 12 to 13% (cf. Figure 6-14). Figure 6-18 (refer Figure 6-19 for the legend)
shows the probability of failure of a small representative part of the catchment
alongside the land use, soil depth, peak perched water level and root cohesion
conditions corresponding to the modeled scenarios.
The area with probability of failure >0.7 also shows a similar trend (cf. Figure
6-14). The lowest probability of failure in areas with FOS<1 was 0.5 for all the
computed scenarios. The bottom line of probability of failure (defined as the Avg PF of
FOS>1) increased significantly from 1913 to 1973 (cf. Figure 6-14). The area with
probability of failure >0.7 of the RI100 1913, 1973, 2001 and 2008 scenarios (cf. Table
6-6), per land use class of 2008 (cf. Figure 5-2) was compared (Figure 6-20). It showed
that the probability of failure in all land use classes have increased drastically since
1913. Major changes were noticed in the degraded forest (DF), mature rubber (MR)
and fallow land (FL) land uses. The results of this research (cf. Figure 6-20) showed that
a larger percentage of area under fallow land use was prone to high probability of
failure (>0.7) as compared to mature rubber land use which partly proves the suspicion
of preceding researchers in the region that fallow lands are more prone to slope
failures.
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Figure 6-16: Perched water level and factor of safety time series corresponding to the land use scenarios of 1913
and 2008, derived with the highest daily rainfall (1985; disaggregated to hourly) that has caused landslides (cf.
Figure 4-6) in the study area since 1952
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Figure 6-17: Area with FOS<1 and the probability of failure corresponding to the land use scenarios of 1913, 1973, 2001, 2008, 2016, 2058 and
the no-root cohesion condition (cf. Table 6-6)
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Figure 6-18: Change in the probability of failure of a representative part of the study area
alongside the land use, soil depth, peak perched water level and root cohesion states
corresponding to the respective scenario (cf. Figure 6-18 for the legend and the relative
location of this area in the Aruvikkal catchment; cf. Table 6-6 for the scenarios)
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Figure 6-19: Legend and the relative location of the representative area in Figure 6-18

A much lower percentage of the land with young rubber trees was prone to
failure mostly owing to the higher root cohesion state of such areas (cf. Figure 6-20). A
significant increase in area highly (>0.7) prone to failure was noticed in the present
(2008) degraded forest areas where root cohesion is practically absent. The high
probability of landslide occurrence in this land use class was also corroborated by the
fact that 28% of all mapped landslides in the study area occurred in the degraded
forest land use. The area occupied by mature rubber land use class in 2008 also
experienced a drastic increase in area highly prone to failure, a finding that is
supported by the presence of 45% of all mapped landslides in the study area.
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Figure 6-20: Change in area with probability of failure >0.7 in each land use class of 2008
corresponding to the RI100 scenarios of 1913, 1973, 2001 and 2008 (cf. Table 6-6)
MR: Mature rubber; YR: Young rubber; FL: Fallow land; MC: Mixed crops; St: Settlement;
DF: Degraded forest; G&R: Grass and rock
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Between 1973 and 2001, and 2001 and 2008 the changes in area totals were
only marginal (cf. Figure 6-20) and the bottom line (cf. Figure 6-14) also did not show
major change but still remained higher than that of 1913 given the lack of same
amount of root reinforcement as in the 1913. This indicates that the area has adapted
to the changed land use since 1973 while failure may be more frequent than the 1913
land use state. The hydrological conditions corresponding to the RI100 year rainfall
was more or less similar for all the simulated scenarios.
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Figure 6-21: Probability of failure of: A) all the mapped landslides (cf. Table 3-4) and B)
the non-landslide area, corresponding to the RI100 1913, 1973, 2001 and 2008 scenarios

The effect of rainfall magnitude on failure and probability of failure can be
quantified by comparing the area under FOS<1 and the bottom line of failure of 2001
(Cal) and RI100 2001 scenarios (cf. Figure 6-14). Given an RI2 year rainfall (2001 Cal)
the area under FOS<1 was 1.03 km2 (11% of the total area) which could increase to
1.21 km2 (13%) with a RI100 year rainfall. If completely abandoned and rubber trees
are culled, the area will experience a drastic increase in the temporal and spatial
frequency of instability (compare the FOS<1 and PF>0.7 area of RI100 2008 and RI100
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2016, Figure 6-14) in the immediate future. Over a period of 50 years (2058) as natural
vegetation will establish itself both the spatial and temporal frequency of instability
will reduce and reach a state comparable to the 1913 scenario. Irrespective of the fact
that these transitions may or may not occur, they represent scenarios that
theoretically favour slope stability in the study area in a long run. It may be noted that
the areas (pixels) simulated as failed (cf. Figure 6-17 and Figure 6-18) were more or less
the same in all the scenarios with most of the changes occurring for the absolute
values of the probability of failure.
The average probability of failure of the RI100 1913 to 2008 scenarios was
derived and was overlaid with the entire landslide inventory (cf. Section 3.5.5). Except
one landslide, all other locations were in areas predicted by the model as failed in at
least one of the scenarios and the average probability of failure at the landslide
locations ranged between 0.16 and 0.78. Figure 6-21 shows the probability of failure of
all the mapped landslides and non-landslide areas corresponding to the RI100 1913,
1973, 2001 and 2008 scenarios. It was evident from the figure that probability of
failure at the landslide and non-landslide areas have progressively increased since 1913
reiterating the overall increase in the probability of shallow landslides in the study
area.
6.5.

Conclusions

The research showed that in anthropogenically modified terrains such as the
study area, the transition probability of land use change (and consequently the
changes in soil depth and root cohesion) outweighs the rainfall quantity in determining
the spatio-temporal probability of shallow landslide occurrence. This is in contradiction
with the commonly held belief that the temporal probability of shallow landslides can
be quantified with only the return probability of landslide-causing extreme rainfall
events. Hence, transition probabilities of land use should be assessed and incorporated
in regional scale landslide hazard assessments that utilize heuristic and stochastic
techniques, especially in such terrains.
Based on the empirical observations (cf. Figure 4-10) and the modelling
results (cf. Figure 6-13) it can be concluded that a continuous rain storm of 4 to 26 hrs,
totalling about 106 to 290 mm can cause a steep rise in the perched water table up to
critical levels in regolith filled bedrock depressions (cf. Figure 4-10) and the persistence
of this level for ~10 hrs (cf. Table 6-7: Soil hydrologic properties and perched water level
response at the known landslide initiation locations of 2001 and 1993 on the known Date of
Failure (DoF) ± 1 day, average of NTDFOS<1 values) may lead to shallow landslides in the

study area. For high perched water level to develop and persist, such rain storms
should be without intermittence of >1 hr and individual hourly total rainfall within the
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rain storm must not be <5mm (cf. Figure 4-10 and Figure 6-13). Thus it was evident
that the time of failure is determined by the persistence of perched water level (and
not just the peak perched water level) as a consequence of continuous rainfall.
The theoretical framework of STARWARS was appropriate to represent and
robust in reproducing the overall hydrological response of the catchment, specifically
total discharge and baseflow (cf. Figure 6-11). However, this necessitated
modifications (cf. Section 6.3.1) to the original model of van Beek (2002) and the
modified model had to be calibrated (cf. Section 6.3.1) for deriving acceptable results.
The model could explain only about 51% of variance of perched water level at the
piezometer locations. The explained variance of perched water level at piezometers in
lower altitudes was lower as compared to those in higher altitudes (cf. Table 6-5). This
was despite the fact that the predicted integrated response of the subsurface flow the baseflow, fitted reasonably well with the observed (cf. Figure 6-11). This relatively
low quality of perched water level prediction as compared to that of discharge may be
attributed to location specific uncertainties such as the presence of macro-pores and
embedded cobles and pebbles in the soil, the lack of data pertaining to the
hydrological properties of subsurface soil layers and the lack of precision in
interpolated soil depth at the piezometer locations (cf. Table 6-5). This leads to the
assessment that the parameterization of the model, especially the representation of
subsurface flow paths and the subsurface variables has to be improved for any better
predictions. However, the results were comparable to the results of similar studies
from elsewhere (Giertz et al., 2006; Malet et al., 2005a; Refsgaard, 1997; Sahoo et al.,
2006; van Beek and van Asch, 2004), and by constraining the model with both
discharge and perched water level, the validity of the calibration is higher as against
any attempts that would use only one of the responses.
The PROBSTAB, as most other infinite slope models overestimated the area of
failure (FOS<1). However, the model was successful in predicting all the known
landslide locations of the calibration (2001) and validation (1993) years as failed
(FOS<1) on the known date of failure. Except one landslide, all other landslide locations
were in areas predicted by the model as failed in at least one of the following
scenarios: RI100 1913, 1973, 2001 or 2008 (cf. Table 6-6), and the average probability
of failure at the landslide locations ranged between 0.16 and 0.78.
It was evident that land use changes which occurred in the early part of 20th
century has reduced the root cohesion and altered the soil depth significantly. Given
the most extreme daily rainfall which has caused landslides in the study area in the
past 57 years (rainfall of 1985 denoted as RI100), the land use changes from the preplantation (1913) scenario to present (2008) have resulted in 43% increase in the area
highly prone to failure (cf. Figure 6-14, PF>0.7) and 68% increase in the spatio199
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temporal probability of failure in the non-landslide areas (cf. Figure 6-14, Avg PF in
FOS>1). The area classified as degraded forest in 2008 (cf. Figure 5-2) experienced the
most drastic increase in area highly (>0.7) prone to failure which was followed by the
plantation-crop areas (mature rubber, young rubber and fallow land). The settlement
area also experienced an increase of ~5% since the pre-plantation scenario (cf. Figure
6-20). Thus it can be concluded that the Aruvikkal catchment has experienced a
significant increase in area prone to failure owing to the anthropogenically induced
long term land use changes that occurred between 1913 and 1973. Further, it can also
be concluded that the short term changes (1973 to 2001 and 2001 to 2008) in land use
owing to the crop cycle detrimentally affects the slope stability of the catchment (cf.
Figure 6-20).
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7.1

Synthesis

This study investigates the effect of land use changes and consequently
changes in vegetation on slope stability and spatio-temporal probabilities of shallow
landslide initiation. The study was carried out in the Western Ghats of Kerala (India), an
area increasingly experiencing rainfall triggered shallow landslides and consequent
debris flows. In this research, the primary assumption was that the actual mechanism
leading to slope failures in the region may be related to the loss of cohesion due to soil
saturation during the rainy seasons and the trigger in itself may be the development
and attenuation characteristics of pore water pressure. The fundamental hypothesis
was that the spatio-temporal probabilities of shallow landslide initiation in the Westen
Ghats scarp faces is dependent on the land use which in turn determine the
mechanical and hydrological effects of vegetation on slope stability (Greenway, 1987).
The application of physically-based spatially distributed modelling was the most
suitable approach to verify this hypothesis as it has the capability to not only estimate
the spatio-temporal probabilities of shallow landslide initiation, but also quantitatively
assess the influence of changes in environmental conditions on slope stability, for
example those of land use changes (van Beek and van Asch, 2004; van Westen et al.,
2005). Thus the aim of the research was to evaluate the effects of land use changes on
the spatio-temporal probabilities of shallow landslides in the Western Ghats of Kerala,
India by means of a physically-based model. Five research objectives (cf. Section 1.5.1)
were formulated at the beginning of this research. Findings related to each of these
objectives are summarized below:
7.1.1.

Related to objective 1

The first objective was to assess the history and chorology (the study of the
causal relations between geographical phenomena occurring within a particular
region) of landslide prone areas in the Western Ghats of Kerala. Historical analysis of
landslide activity and anthropogenic activity was carried out based on an extensive
literature review. A state wide landslide inventory containing dates and locations of
the initiation zone was prepared and overlaid with the slope map, altitude map, long
period average annual rainfall map and geology map. Specific findings related to
objective 1 were:
•

The landslides in the Western Ghats of Kerala occur during the South-West and
North-East monsoon seasons

•

Ancient (prior to 19th century) documents infrequent landslide activity in the past,
probably confined to rainfall intensities of extreme return intervals.

•

Most of the inventoried landslides occurred on slopes >20° along the Western
Ghats scarp faces.
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•

Debris flows that initiate as shallow landslides are the most common type of mass
movements.

•

Evidence of anthropogenic interventions was found in and around most of these
initiation zones (cf. Section 2.8 for examples).

•

Landslides causing fatalities have considerably increased in Kerala since the 1970s
(cf. Figure 2-6).

•

Contrary to the common notion prevailing amongst researchers in the region,
there was no observational evidence to support the idea that this apparent
increase in fatal landslides was a consequence of increase in the frequency of
extreme rainfall events as published literature shows no significant increase in
trends of rainfall characteristics such as daily, seasonal or annual maximum,
average and standard deviation for any part of Kerala over a long period (18522005) (cf. Section 2.4).

•

A more convincing explanation is related to the rapid increase in population and
the associated anthropogenic disturbances such as deforestation, terracing and
obstruction of ephemeral streams and cultivation of crops lacking capability to add
root reinforcement that the region experienced since early 19th century.
Based on the literature review, the upper Tikoy river basin (a 55 km2 sub-basin
of the Meenachil River that flows into the Arabian Sea) was chosen as the study area.
The basin was representative of the physiographic and climatic conditions and
anthropogenic interventions (cf. Section 1.4) that the landslide prone areas in the
Western Ghats of Kerala experience.
7.1.2.

Related to objective 2

The second objective was to assess the relative capabilities of various
physically-based shallow landslide models in a data poor condition and identify the
important parameters and suitable data for the calibration of the ‘best’ model. Four
shallow landslide initiation models namely SHALSTAB (Dietrich and Montgomery, 1998;
Montgomery and Dietrich, 1994), SINMAP (Pack et al., 1998), TRIGRS (Baum et al.,
2002) and STARWARS+PROBSTAB (van Beek, 2002), were tested for their relative
capabilities in the Aruvikkal catchment (a 9.5 km2 sub-catchment of the upper Tikoy
river basin) under a data poor environment. Depending on their capability, the models
were parameterized to address the mechanical (root cohesion and surcharge) and
hydrological effects of vegetation (interception, throughfall, evapotranspiration) on
slope stability. Specific findings related to objective 2 were:
•

The STARWARS+PROBSTAB model was identified as the ‘best’ model suitable for
verifying the hypothesis of this research as it satisfied the conditions laid out prior
to the research to identify the ‘best’ model (cf. Section 3.3), they being: the
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capability for spatial parameterization, how many of the known landslide locations
were predicted as failed (FOS<1) by the model and what is the total area predicted
as unstable (FOS<1) as against the actually known landslide area (cf. Table 3-5).
However, this model was not the most efficient in its strict sense given the
comparatively higher data requirements (cf. Table 3-1) and efforts necessary to
calibrate. An attempt was made to calibrate this model for the entire upper Tikoy
river basin with the limited evidence of groundwater conditions during the
monsoon season of 2005 and was validated against observed landslide activity in
the year 2001. Although this attempt in a data poor setting showed the relative
importance of the mechanical effects of vegetation on stability (cf. Figure 3-15), it
was evident that the model needed a more elaborate calibration and validation to
convincingly achieve the aim of this research.
•

General assessment of the results and sensitivity analysis indicated that the results
of STARWARS+PROBSTAB may improve with better quality input data, particularly
by using high resolution digital terrain model, spatial estimation of root cohesion
and soil depth, and saturated hydraulic conductivity (cf. Section 3.9).

•

Better calibration and validation of STARWARS necessitates fine temporal
resolution (finer than 1 day) of the meteorological and hydrological data while a
comprehensive inventory containing the location, date and time of occurrence of
shallow landslides are necessary to calibrate the PROBSTAB.

•

In addition to satisfying the criteria laid out for identifying the ‘best’ model, this
model had certain relative advantages as compared to other models.
STARWARS+PROBSTAB can compute the spatio-temporal probabilities of shallow
landslide initiation based on the First Order Second Moment method (Ang and
Tang, 1984), an explicit and computationally less demanding method compared to
the methods incorporated in the other models, or the widely used Monte Carlo
methods or distributed parameter approaches (Kunstmann et al., 2002). The
FOSM method is capable of producing spatial representations of the model
sensitivity to various parameters which are quantitative expressions of the relative
contribution of these parameters in determining the overall probability of failure
(cf. Figure 3-10).

•

For a quick and reasonably reliable spatial quantification of shallow landslide
hazard in areas with limited data SHALSTAB should be preferred over SINMAP.

•

The perched water level predicted by the model on the day of failure showed only
minor sensitivity to the hydrological effects of vegetation (cf. Table 3-6).

•

Physically-based models such as STARWARS+PROBSTAB cannot be used for
reliable hazard assessment in situations lacking detailed spatial data pertaining to
the input variables necessary.
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7.1.3.

Related to objective 3

The third objective was to evaluate rainfall return intervals and its
relationships to landslide occurrence and to characterize the hydrological response of
the slopes to rainfall in the study area. To acquire hydrological data with a high
temporal resolution, 13 automated open stand pipe piezometers, one discharge
station (stage gauge) and one weather station were deployed in the Aruvikkal
catchment (cf. Figure 4-1) from May 2007 onwards. Time series statistical methods
were applied on the measured hourly rainfall, perched water level and discharge to
characterise the temporal characteristics of the hydrological responses. The landslide
inventory pertaining to the study area (cf. Table 3-4) was extracted from the state wide
inventory. In addition, long period daily rainfall data (1952-2009) for the study area
were collected and the return probabilities were evaluated using the Gumbel’s
extreme value probability statistics (cf. Section 4.3.2). The return probabilities of the
landslide-causing daily rainfall were derived and compared. The most extreme daily
rainfall event which had caused at least one shallow landslide in the study area was
identified and used for the back-casting and forecasting of the spatio-temporal
probabilities of shallow landslide initiation (cf. Table 4-5). As this rainfall data was of
daily resolution it was disaggregate to hourly time step using the Bartlett-Lewis
disaggregation model (cf. Section 4.3.3). An analysis of the spatial variability of rainfall
was also conducted with limited data pertaining to three rainfall stations (cf. Section
4.4.2). Specific findings related to objective 3 were:
•

The slope hydrology of the catchment exhibits very rapid response to rainfall; the
discharge of the catchment will respond within 1 hr. The average time necessary
for a significant response of the perched water level to rainfall was 6 hrs while
during the peak rainy season this lag may reduce to less than 1 hr. Any
hydrological modelling attempted should therefore capture this rapid response
pattern to be reliable for rainfall induced shallow landslide hazard assessment. The
strength of cross-correlation between rainfall and perched water levels decreased
with lower altitudes (cf. Table 4-7) which may be attributed to increasing soil
depth, presence of macro-pores, plant root cavities, embedded stones, spatial
variability of rainfall, accumulation of upstream water and delay (storage and
attenuation). These are potential sources of uncertainties which may propagate-to
and manifest-in model outputs.

•

The characteristics of daily rainfall, particularly the maximum rainfall in the study
area has neither increased nor decreased in the last 50 years (cf. Figure 4-5). This
was consistent with the long period regional rainfall trends. Design daily rainfall of
100 year return interval derived using the Gumbel extreme value plot represents
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the most extreme landslide-causing rainfall scenario in the study area (cf. Figure
4-6).
•

The rainfall threshold for shallow landslide occurrence set by Thampi et al. (1998)
was proven to be an over estimation. The spatial variability of rainfall in the region
is very high. The higher altitudes may receive in a day 40-150% more rain than the
lower altitudes making rainfall thresholds based on daily rainfall from a single
station practically redundant for early warning in the Western Ghats scarp faces.

•

Continuous and high intensity rainfall of about 4 hrs may cause a steep rise in the
perched water table up to critical levels in regolith filled bed rock depressions (cf.
Figure 4-10) and the persistence of this level for ~10 hrs may lead to shallow
landslides in the catchment. To capture the hydrological responses that lead to
shallow landslide occurrence in the catchment, the hydrology model should be
able to predict these responses with a temporal accuracy of at least 6 hrs which
necessitates the model time step to be of at least 1hr in resolution.

7.1.4.

Related to objective 4

The fourth objective was to devise a methodology for optimally
parameterizing the spatial variation of soil depth, soil properties and root
reinforcement. The grid resolution of the topographical representation was improved
to 10 m by 10 m using a CARTOSAT 1 stereo pair (cf. Section 5.2) based on the
recommendations of Section 7.1.2. Historic (1913, 1973, 2001) and present day (2008)
land use maps were necessary to quantify the effects of long term and short term land
use changes on shallow landslide initiation probabilities. Regolith depth, cohesion,
hydraulic conductivity, infiltration rate, water retention curves, angle of internal
friction, bulk density and porosity were measured at widely distributed points (cf.
Section 5.4). All parameters were interpolated, apart from infiltration rate and water
retention curve parameters, which were assigned to individual land use classes. Root
reinforcement was quantified as root induced cohesion based on the simple
perpendicular model proposed by Wu et al. (1979) and Waldron (1977) (cf. Section
5.5.1 and Equation 8). Root tensile strength, root pullout strength and vertical
distribution of root area ratio were derived for nine commonly found species of plants
in the Western Ghats. These measurements, combined with the land use and soil
depth maps were used to produce the upper and lower limit of root reinforcement.
Specific findings related to objective 4 were:
•
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•

The most important parameters that determine the spatial variability of soil
properties in an anthropogenically intervened area are land use, slope, curvature
and relative relief.

•

The root tensile strength vs root diameter and root pullout strength vs root
diameter relationships of rubber trees, coconut palms, jackfruit trees, teak, mango
trees, lemon grass and coffee agreed to a power law (cf. Equation 23 for the type)
comparable to those proposed in existing literature (compare Table 5-10 with
Appendix 14). Teak roots showed the most consistent and strongest behaviour
when tested for both tensile strength and pullout strength. The tensile strength vs
diameter relationship of tea shrubs and gambooge trees showed anomalous
behaviour as compared to other plants (cf. Figure 5-12) while the pullout tests
conducted on these plants showed that a power law was the best descriptor (cf.
Figure 5-13).

•

The highest root area ratio was observed in the first 50 cm of soil depth (from the
topographical surface) and tends to decrease rapidly with depth. Coffee and teak
roots showed the most gradual decrease in root area ratio with roots of these
plants reaching more than 3 m in depth (cf. Figure 5-14).
Thus it was evident from the findings related to this objective that although a
location with a given soil depth may have tree roots that are highly resistant to
breakage and slippage, its contribution to slope stability will largely depend on the
depth of root penetration, assuming that tap roots anchor to the bedrock.
7.1.5.

Related to objective 5

The fifth objective was to map the long term and short term land use/land
cover changes and quantify the mechanical and hydrological effects of these changes
on slope stability and the spatio-temporal probability of shallow landslides in the study
area, using the tested and adapted ‘best’ model. The two most important parameters
which influence the slope stability, soil depth and root reinforcement depend on the
land use. Hence, historic soil depth and root reinforcement scenarios that corresponds
to the past land use scenarios (1913, 1973 and 2001) were prepared for the Aruvikkal
catchment. Two land use maps were prepared to represent future changes (2016 and
2058) based on a comprehensive report on land use change in the Western Ghats of
Kerala (Mathew, 2010). Although, these future land use scenarios represent only one
of the many possible realizations, the interest in them lies in the fact that they show a
possible scenario of reforestation, and hence conservation of the area. The soil depth
map of the present land use (2008) condition was considered applicable to the future
scenarios and only the root reinforcement states were modified (cf. Table 6-6).
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The STARWARS model used to answer the objective 2 was modified to enable
calibration against hourly discharge and better represent the evapotranspiration
processes that the catchment experiences. This ‘new’ STARWARS was manually tuned
for the observed six hourly perched water levels and discharge for a period from 1
February to 30 September, 2008 and was validated with similar data for a period from
1 October to 31 December, 2007. The PROBSTAB model was calibrated for the
landslide inventory of 2001 and validated for the landslide inventory of 1993 (cf. Table
3-4). Rainfall input necessary for simulating the hydrological conditions pertaining to
1993 and 2001 were derived by disaggregating the daily rainfall time series of the years
using the Bartlett-Lewis model (cf. Figure 4-7). These calibrated and validated models
were used to back-cast (1913, 1973, 2001 and 2008) and forecast (2016 and 2058) the
hourly changes in the factor of safety and the spatio-temporal probabilities of shallow
landslide initiation in the catchment. Hourly reference evapotranspiration was
assumed to be the same as that observed at the weather station in 2008. Specific
findings of related to objective 5 were:
•

With the added effort of achieving better data as compared to the attempt
reported in Chapter 3, the overestimation of area with FOS<1 reduced by 25%;
compare Table 3-5, SP FOS<1 (Cs+Cr) with Figure 6-12, FOS<1, 2001 (Cal). The
prediction quality of the model increased significantly from that reported in
Chapter 3 as in the data poor setting the model was able to predict only 6 of the
known landslide locations as failed, while with the improved parameterization,
calibration and validation attempts, the model predicted all landslide initiation
locations of the calibration (2001) and validation (1993) periods as failed. Another
evidence of higher prediction quality was that, except one landslide, all other
mapped landslide locations in the Aruvikkal catchment (33 individual events; Table
3-4 ) were in areas predicted by the model as failed in at least one of the
scenarios.

•

The theoretical framework of STARWARS was appropriate to represent and robust
in reproducing the overall hydrological response of the catchment, specifically
total discharge and baseflow (cf. Figure 6-11). The prediction of perched water
levels by the model was less valid as compared to the discharge and baseflow
which is a consequence of the lack of parameterizing the known sources of
uncertainties (cf. Section 7.1.3) such as presence of macro-pores, plant root
cavities, etc. However, the results were comparable to the results of similar
studies from elsewhere and by constraining the model with both discharge and
perched water level, the validity of the calibration is higher as against any
attempts that would use only one of the responses. Better parameterization of the
subsurface soil properties may further improve the model prediction quality.
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•

Based on the empirical observations (cf. Figure 4-10) and the modelling results (cf.
Figure 6-13) it can be concluded that a continuous rain storm of 4 to 26 hrs,
totalling about 106 to 290 mm can cause a steep rise in the perched water table
up to critical levels in regolith filled bedrock depressions and the persistence of
this level for ~10 hrs (cf. Table 6-7, average of NTDFOS<1 values) may lead to
shallow landslides in the study area. For high perched water level to develop and
persist, such rain storms should be without intermittence of >1 hr and individual
hourly total rainfall within the rain storm must not be < 5mm (cf. Figure 4-10 and
Figure 6-13). Thus it was evident that the time of failure is determined by the
persistence of perched water level (and not just the peak perched water level) as a
consequence of continuous rainfall.

•

It was evident that land use changes which occurred in the early part of 20th
century have reduced the root cohesion and altered the soil depth significantly by
terracing. Given the most extreme daily rainfall which has caused landslides in the
past 57 years (RI100), the land use changes from the pre-plantation (1913)
scenario to present (2008) have resulted in an average increase in the potential
area of failure by 43% (cf. Figure 6-14, FOS<1) and the spatio-temporal probability
of failure by 49% (cf. Figure 6-14, Avg PF in FOS<1).

•

Despite setting up an idealistic land use scenario for the distant future (2058), the
overall slope stability did not revitalize to the pre-plantation period (1913)
because the root reinforcement available was relatively lower as compared to the
pre-plantation period. The simulation may imply that a policy of reforesting to
promote conservation (stability) in the area might not have the intended results.

Thus the research showed that in the study area, the transition probability of
land use change (and consequently the changes in soil depth and root cohesion)
outweighs the rainfall quantity in determining the spatio-temporal probability of
shallow landslide occurrence. This is in contradiction with the commonly held belief
that the temporal probability of shallow landslides can be quantified with only the
return probability of landslide-causing extreme rainfall events. Hence, transition
probabilities of land use should be assessed and incorporated in regional scale
landslide hazard assessments that utilize heuristic and stochastic techniques, especially
in such anthropogenically modified terrains.
7.2.

Limitations

Any model is a mere representation of reality, both in the selection of
processes and in parameterization of that reality. In this case there is evidence of
macro-pore flow which would explain the rapid response of the catchment. However
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this was not researched in detail and an empirical solution had to be found to be able
to calibrate the model. Moreover it was clear that spatial variability of input data has a
great influence on the outcome, in particular of soil depth and root strength
parameters. A more accurate spatial representation may be beyond the means of any
research:
7.2.1.





7.2.2.






7.2.3.
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Relevant to findings related to objective 1
Landslide records prior to 1960 were not extracted owing to time constrains.
Reports in the research institutions and newspapers are confined to landslides
that have caused human fatalities or substantial loss to property and often
lack detailed scientific descriptions.
No historical regional scale maps were available to quantify the actual spatial
changes in land use and preparing such maps was beyond the scope of this
research.
Relevant to findings related to objective 2
The available data at this stage of the research was poor in grid resolution and
lacked integrity as they were collected from several different sources.
The number of tensile strength tests of rubber plant roots was limited and
only rubber plants roots were tested.
The MODIS NDVI data used was of very coarse spatial resolution, while finer
resolution multi-spectral satellite data which if available could have been used
for deriving the parameters necessary for quantifying rainfall interception was
limited to very few instances ever since the Landsat MSS era (1972).
Only sporadic data was available for the calibration and validation of the
models.
Relevant to findings related to objective 3
Fine resolution (finer than daily) rainfall records were limited to 3 years
limiting the possibility to conduct a return interval analysis of hourly rainfall.
This also limits the knowledge of trends in rainfall characteristics to daily
resolution.
The discharge rating curve was prepared based on very few observations
which suggested an exponential increase while theory suggests a root
function increase. This makes extrapolation less reliable.
No field estimates of bed rock fissure storage, interception, throughfall and
actual evapotranspiration was available and attempts were not directed
towards quantifying these in this research.
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7.2.4.











7.2.5.





7.3.

Relevant to findings related to objective 4
The thick vegetation cover and the lack of standardized methods for stripping
this cover from the resultant DSM limits the applicability of satellite stereo
pair data in highly vegetated terrains such as the Western Ghats of Kerala, for
creating hydrologically accurate DTMs.
Hence, the topographic data was not good enough to represent the actual
terrain conditions such as the terraces and bedrock depressions which
determine areas of water convergence and divergence.
Land use maps contained abrupt boundaries while in reality these boundaries
were fuzzy.
No methods were available to quantify the presence of pebbles and cobbles,
and macro pores at the locations were the piezometers were deployed and to
assess their effect on the measurements.
Only nine species of plants were tested to quantify root reinforcement, while
the actual number of tree and shrub species in the study area may be nearly a
hundred.
Roots of a widely cultivated plantation-intercrop, pineapple (Ananas comosus)
were not tested for the root reinforcement that it offers.
Relevant to findings related to objective 5
No estimates of past conditions of soil depth and soil properties were
available.
There was an overall water balance error in the results mostly owing to lack of
understanding of actual evapotranspiration processes, bed rock fissure
storages and other uncertainties.
The hydrological variables were not treated separately for deriving the spatiotemporal probabilities in the first order second moment method. Another
major source of uncertainty in the estimate of probability of failure using this
approach was that the statistical variability of a parameter within its’
measured limits was assumed as a proxy to its changes over time.
Recommendations

Some recommendations are drawn for land use and hydrological
management and maintenance to reduce the probability of shallow landslide initiation,
based on the results of this research.
•

Ephemeral streams in the Western Ghats scarp faces shall be kept devoid of
obstructions as they act as storm water drainage conduits during the
monsoon season.
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•

Crops that are incapable of providing root reinforcement should not be
allowed on slopes >20° abutting large bedrock exposures.

•

Buffer zones have to be created around all ephemeral streams where shrub
and tree crops, preferably native species that offer significant root
reinforcement should be planted.

•

Native grass species should be planted that are known to offer significant root
reinforcement such as Vetiver (Chrysopogon zizanioides) (The Vetiver
Network, 2005) and lemon grass (Cymbopogon citrates) along the walls of the
sloping terraces and the banks of ephemeral streams to ensure stability.

•

All terraced slopes should have weeping holes along the terrace walls that
would partly prevent the occurrence and persistence of high perched water
levels.

•

Upslope side walls of roads that have overhanging regolith material should be
terraced, covered with coir geotextites and planted with deep rooting grass
and shrubs to ensure stability.

•

Measurements of rainfall, perched water level and discharge in the Aruvikkal
catchment should be continued for better calibrating and validating the
models.

•

A more comprehensive state wide landslide inventory has to be prepared and
a system for continuously updating of this inventory should be made, making
use of local knowledge.

•

Fine resolution rainfall data (finer than 1 day) has to be acquired for the
known landslide prone villages of the state such that further investigations
and location specific adaptations can be made to the rainfall threshold
proposed in this research (cf. Section 7.1.5).

In densely populated and intensely cultivated landslide prone terrains such as
the Western Ghats scarp faces, it is practically impossible to prevent the hazards due
to mass movements; mitigation is the only means to reduce the risks emanating from
such hazards. Bio-engineering solutions such as planting crops that ensures root
reinforcement and using geotextile produced from abundant locally available materials
like coir fibres (Lekha; Vishnudas et al., 2006) not only are cost effective and affordable
mitigation measures, but are also environment friendly.
7.4.

Future research directions

The data collected and conclusions derived from this research opens up new
possibilities for research and operational use, some of which are listed below:
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•

The knowledge gained from this research that ‘a continuous rain storm of 4 to
26 hrs, totalling about 106 to 290 mm can cause a steep rise in the perched
water table up to critical levels in regolith filled bedrock depressions and the
persistence of this level for ~9 hrs’ can be used as an early warning threshold
in the WINSOC (www.winsco.org) satellite linked real-time wireless sensor
network for landslide early warning (Ramesh, 2009), an existing landslide
early warning system developed for the steep catchments of the Western
Ghats of Kerala which integrates rainfall measurements, perched water level
measurements, geophone readings, soil moisture measurements and strain
gauge readings.

•

As this threshold may vary from place to place depending on the soil
properties and land use linked parameters such as soil depth and root
reinforcement, the early warning systems have to be fine-tuned to suite the
specific conditions of the areas where they are deployed. A state wide
comprehensive landslide inventory and corresponding fine resolution rainfall
data is a prerequisite for adapting such early warning systems.

•

In general, very little efforts have been directed towards understanding the
relationships between the cellulose content and the tensile strength of roots
(Genet et al., 2005). Most researchers consider root reinforcement as
additional cohesion based on the Waldron (1977) and Wu et al. (1979) model
while the root-soil composite model (Michalowski and Zhao, 1995) and
RipRoot model (Pollen and Simon, 2005) are not widely applied or researched
upon (see also (van Beek et al., 2005)).

•

A significant root strength parameter, the Young’s modulus (measure of the
stiffness of root thread as an isotropic elastic material), is less frequently
measured than the tensile strength (Wu, 2007).

•

Studies are limited on the three-dimensional (3D) distribution of woody roots
which is often not accountable by means of conventional methods for
deriving the root area ratio. This may result in an over or under estimate of
net root reinforcement by trees growing on mountain slopes (Danjon et al.,
2008).

•

The STARWARS+PROBSTAB may be useful to forecast the probability of
shallow landslide initiation and flooding prior to the monsoon season when
coupled with hourly rainfall predictions from regional climate prediction
models such as RegCM3 (Pal et al., 2007) and NASA FVGCM (Atlas et al., 2005)
that have been successfully applied in the Indian peninsular region.
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•

The effect of terracing, uprooting, planting pits and the macro-pores as a
result of root decay on slope hydrology and slope stability of the region
necessitates further investigation.

•

For a complete hazard assessment the physically-based shallow landslide
initiation models have to be coupled with runout models.

A tentative scheme for coupling the results of STARWARS+PROBSTAB with a
runout model named MassMov 2D (Begueria et al., 2009) is presented in Figure 7-1.
Refer to Table 3-2 for the expansion of the inputs and outputs of STARWARS and
PROBSTAB. From the PROBSTAB one can derive the pixels most probable to failure
(initiation area, IA; m) and the factor of safety of the different layers of soil (three in
this case).

Figure 7-1: Proposed scheme for coupling the results of STARWARS+PROBSTAB with the
runout model MassMov2D

By using the depth of the failed layers and the failed area, one can derive the
initial volume of material (IV; m3). Both of these are crucial inputs for the MassMov
model. Other inputs needed for MassMov are DTM (m), soil depth (SD, m), Chezy
roughness (Chez; m/sec2), angle of internal friction (φs; °), angle of basal friction (φ; °),
bulk density of soil (γs; kg/m3) and scouring rate (Sr; m/sec) (cf. Begueria et al. 2009 for
a detailed description of these parameters), some of which are to be derived based on
back analysis. By systematically varying the input variables based on a first order
second moment approach (FOSM), one can derive the absolute maximum, average and
absolute minimum extent of runout possible, given a certain initiation area and volume
214

Chapter 7

of material. Depending on the number of times that a given pixel gets affected by the
debris flow, one can derive the spatial probability of being affected by a certain
magnitude (depth, area or velocity) of debris flow, while the STARWARS+PROBSTAB
can provide the temporal probability of initiation of such a debris flow. Although this is
easily said than done, the schema presented here provides a pragmatic direction to
couple the two physically-based models (Kuriakose and Camera, 2009).
“The analysis of nature in its individual parts, the grouping of the different
natural processes and natural objects in definite classes, the study of the internal
anatomy of organic bodies in their manifold forms - these were the fundamental
conditions of the gigantic strides in our knowledge of nature which have been made
during the last four hundred years. But this method of investigation has also left us as a
legacy the habit of observing natural objects and natural processes in their isolation,
detached from the whole vast interconnection of things; and therefore not in their
motion, but in their repose; not as essentially changing, but fixed constants; not in
their life, but in their death” (Engels, 1877). Physically-based dynamic spatial models
are a viable means to abstract reality from a holistic perspective and thus to assess the
complexities of natural processes ‘in their life’. The aim of such a model is, of course
not to precisely reproduce reality in all its complexity. It is rather to capture in a vivid,
often formal, way what is essential to understanding some aspect of its structure or
behaviour (Weizenbaum, 1976). Modelling of earth surface processes such as the one
in this research is essentially a daunting task. However, it is not a utopian task aimed at
showcasing the skill of the modeller or the state-of-art of mathematical abstraction
possible in the particular domain. Such models, as proved by this research and by
numerous others, can facilitate in (i) concept development, (ii) hypothesis testing, (iii)
evaluation of existing (and future) data sets, (iv) designing field experiments and (v)
creation of synthetic data sets (Loague and Vander Kwaak, 2004).
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Appendices (in the CD Rom)
Appendix 1: Landslide fatalities in Kerala from 1961 to 2009
Appendix 2: Inventory of mass movements that occurred in the 2007 monsoon season
in Kerala
Appendix 3: Soil properties at 12 locations in Aruvikkal catchment estimated by
Chandrakaran et al. (1995)
Appendix 4: Equations used for deriving parameters used in the Penman-Monteith
reference evapotranspiration for grass (CIMIS, 2009)
Appendix 5: Correlograms of rainfall vs perched water level and between perched
water level at different measurement locations
Appendix 6: Land use data sources
Appendix 7: A) Soil depth sampling locations and B) a knocking pole soil depth sampling
in progress with three possible sources of errors (Thanks to: Sanjaya Devkota who
did most of the sampling)
Appendix 8: A) The instrumentation setup for conducting constant head saturated
hydraulic conductivity tests and B) open pit infiltration test in progress
Appendix 9: Rate of infiltration of the top soil layer at 9 representative (of land use)
locations in the catchment (graticules of the measurement locations can be found
in the Excel Sheet named “Soil Samples” in the CD Rom)
Appendix 10: pF curves of the eleven samples
Appendix 11: A) Shear Vane and B) Un-drained tri-axial tests in progress
Appendix 12: Mohr circles and failure envelope of few cohesion samples
Appendix 13: Temporal evolution of rainfall interception during the calibration and
validation period computed using Aston’s model based on MODIS NDVI data
(values in meters)
Appendix 14: Parameters and R2 values of the root tensile strength-root diameter
power relationships from literature
Appendix 15: Instrument used for root tensile strength and pullout strength
measurements and the pictures of the plant species and their distribution in a
valley in the Aruvikkal catchment
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Summary
The highland region forming the western slopes of the Western Ghats of
Kerala state, India, is increasingly affected by shallow landslides and consequent debris
flows. Large volumes and high intensity rainfall, and the consequent perched water
table development resulting in high pore water pressure conditions are considered as
the principal trigger of these landslides. Many researchers suspected that the spatiotemporal probabilities of shallow landslide initiation in this area are dependent on the
land use which in turn determines the mechanical and hydrological effects of
vegetation on slope stability. The application of physically-based spatially distributed
modelling was the most suitable approach to verify this hypothesis as it has the
capability to not only estimate the spatio-temporal probabilities of shallow landslide
initiation, but also quantitatively assess the influence of changes in environmental
conditions on slope stability, for example those of land use changes.
Amongst four shallow landslide initiation models namely SHALSTAB, SINMAP,
TRIGRS and STARWARS+PROBSTAB tested for their relative capabilities, the STARWARS
(Storage and Redistribution of Water on Agricultural and Revegetated Slopes) +
PROBSTAB (Probability of Stability) model which is a coupled hydrology+stability model
that uses a first order second moment approach for quantifying the probability of
failure was identified as the most suitable for this research. A pilot study conducted in
the upper Tikoy river basin (55 km2) revealed that it was necessary to accurately
measure and spatially parameterize root reinforcement, soil depth, soil hydraulic
conductivity and soil strength properties to derive reliable results from the model. It
was also evident that a detailed characterization of rainfall patterns and corresponding
slope hydrological responses such as transient ground water level and discharge was
necessary to calibrate and validate the STARWARS (the hydrology model) while a
detailed landslide inventory was needed for the calibration and validation of
PROBSTAB (the slope stability model).
To acquire hydrological data with a high temporal resolution, 13 automated
open stand pipe piezometers, one discharge station (stage gauge) and one weather
station were deployed in the Aruvikkal catchment from May 2007 onwards. A partially
complete landslide inventory was prepared based on governmental reports, news
paper clips and field work. Time series analysis conducted on the rainfall and the
corresponding hydrological responses revealed that the slope hydrology of the
catchment exhibits very rapid response to rainfall; the discharge of the catchment will
respond within 1 hr. The average time necessary for a significant response of the
perched water level to rainfall was 6 hrs while during the peak rainy season this lag
may reduce to less than 1 hr. It was also observed that continuous and high intensity
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rainfall of about 4 hrs may cause a steep rise in the perched water table up to critical
levels in regolith filled bed rock depressions and the persistence of this level for ~10
hrs may lead to shallow landslides in the catchment. Thus to capture the hydrological
responses that lead to shallow landslide initiation in the catchment, the hydrology
model should be able to predict these responses with a temporal accuracy of at least 6
hrs which necessitates the model time step to be of at least 1hr in resolution.
All soil mechanical properties necessary was measured and spatially
parameterized. Block regression kriging with altitude, aspect, slope, distance from
streams, compound terrain index, curvature and land use as predictors was identified
as the ‘best’ predictor of soil depth in such anthropogenic landscapes. Depending on
the dominant plant species in each land use unit and the soil depth the corresponding
root reinforcement applicable was derived from measured root tensile strength, pull
out strength, root diameter and root density data using the perpendicular root model
of Waldron (1977) and Wu et al. (1979). Nine species of plants were tested of which
Teak (Tectona grandis) trees offered the highest amounts of net root reinforcement.
The STARWARS model was calibrated and validated against the observational data of
2007-2008 period. The PROBSTAB was calibrated and validated against the landslide
inventory of 2001 and 1993 respectively, for which the corresponding daily rainfall
data available from a nearby tea estate was disaggregated to hourly using stochastic
methods.
In order to evaluate the effects of long term and short term land use changes
on slope stability in the region, historic (1913 to 2008) land use maps, soil depth maps
and root reinforcement maps were derived. In addition the land use maps and
corresponding root reinforcement maps of two future scenarios (2016 and 2058) were
also derived. Although, these future land use scenarios represent only one of the many
possible realizations, the interest in them lies in the fact that they show a possible
scenario of reforestation, and hence conservation of the area. These data sets were
used to simulate the corresponding slope stability and probability of failure conditions
based on the 1985 rainfall time series (disaggregated to hourly) which included the
most extreme daily rainfall that has caused at least one shallow landslide in the study
area in the past 57 years.
In light of the empirical observations and the modelling results it can be
concluded that a continuous rain storm of 4 to 26 hrs, totalling about 106 to 290 mm
can cause a steep rise in the perched water table up to critical levels in regolith filled
bedrock depressions and the persistence of this level for ~10 hrs may lead to shallow
landslides in the study area. It was evident that land use changes which occurred in the
early part of 20th century have reduced the root cohesion and altered the soil depth
significantly by terracing. The land use changes from the pre-plantation (1913) scenario
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to present (2008) have resulted in an average increase in the potential area of failure
by 43% and the spatio-temporal probability of failure by 49%. Despite setting up an
idealistic land use scenario for the distant future (2058), the overall slope stability did
not revitalize to the pre-plantation period (1913) because the root reinforcement
available was relatively lower as compared to the pre-plantation period. The
simulation may imply that a policy of reforesting to promote conservation (stability) in
the area might not have the intended results.
Thus the research showed that in the study area, the transition probability of
land use change (and consequently the changes in soil depth and root cohesion)
outweighs the rainfall quantity in determining the spatio-temporal probability of
shallow landslide occurrence. This is in contradiction with the commonly held belief
that the temporal probability of shallow landslides can be quantified with only the
return probability of landslide-causing extreme rainfall events. Hence, transition
probabilities of land use should be assessed and incorporated in regional scale
landslide hazard assessments that utilize heuristic and stochastic techniques, especially
in such anthropogenically modified terrains.
Based on the results of this research, some recommendations are drawn for
land use and hydrological management and maintenance to reduce the probability of
shallow landslide initiation. In addition some recommendations are also put forth for
future research, especially, a tentative methodology for the complete quantification of
landslide hazard by coupling physically-based shallow landslide initiation models with
runout models is proposed.
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Samenvatting
Het hoogland van de deelstaat Kerala (India), gelegen langs de westflank van de
Westelijke Ghats, ondervindt in toenemende mate de gevolgen van ondiepe
aardverschuivingen en de daaruit voortvloeiende puinstromen. De oorzaak van deze
aardverschuivingen is het bezwijken van de bodem onder invloed van kritieke
poriewaterdrukken die optreden als een schijnwaterspiegel zich in de bodem vormt na
grote en intense regenbuien. Verscheidene onderzoekers hebben het vermoeden geuit
dat variaties in de bezwijkkans in ruimte en tijd het gevolg zijn van veranderingen in
landgebruik. Voornamelijk via de vegetatie werken deze veranderingen dan door in het
hydrologische en grondmechanische gedrag van de helling waardoor haar stabiliteit
afneemt. In een dergelijk geval biedt een op fysica gebaseerd, ruimtelijk verdeeld
procesmodel een goede mogelijkheid om de hypothese te testen dat
landgebruiksveranderingen van invloed zijn op hellingstabiliteit. Een dergelijk model
kan niet alleen de bezwijkkans simuleren maar ook de effecten van mogelijke
veranderingen, zoals die in landgebruik, kwantitatief uitdrukken.
Van de vier modellen die in deze studie zijn geëvalueerd op hun onderlinge
capaciteiten-te weten SHALSTAB, SINMAP, TRIGRS, en STARWARS+PROBSTAB- werd
het STARWARS+PROBSTAB geselecteerd als het meest geschikte model.
STARWARS+PROBSTAB koppelt een model dat de hydrologie langs een helling
beschrijft aan een stabiliteitsmodel dat de bezwijkkans berekent middels de FirstOrder Second-Moment methode. Een verkennende studie in het stroomgebied van de
bovenloop van de Tikoyrivier (55 km2) gaf aan dat het noodzakelijk was om de
volgende variabelen accuraat en, waar mogelijk, ruimtelijk verdeeld te kwantificeren
om betrouwbare modeluitkomsten te verkrijgen: wortelversteviging, bodemdikte,
bodemwaterdoorlatendheid en bodemsterkteëigenschappen. Het was eveneens
duidelijk dat een gedetailleerde karaktisering van neerslagpatronen en van de
hydrologische hellingrespons, bijvoorbeeld variaties in grondwaterstand, noodzakelijk
waren om het hydrologische gedeelte van het model (STARWARS) te kalibreren en
valideren. Evenzo was een gedetailleerd overzicht van aardverschuivingsactiviteit in
het gebied nodig om het probabilistisch stabiliteitsmodel (PROBSTAB) te kalibreren en
te valideren.
Om hoogfrequente hydrologische hydrologische data te verwerven werd de
volgende zelfregistrerende apparatuur ingezet in het stroomgebied van de Arrukival
sinds mei 2007: 13 open grondwaterbuizen, één afvoermeetstation bij het
uitstoompunt en één weerstation. Een haast volledig overzicht van
aardverschuivingsactiviteit werd samengesteld op grond van overheidsrapporten,
krantenknipsels en veldwerk. Tijdserieanalyse van de neerslag en de daaraan
gerelateerde hydrologische respons gaven aan dat de hellingen in het stroomgebied
zeer snel reageren op de neerslag, met een reactietijd bij het uitstroompunt binnen
het uur. De gemiddelde neerslagduur die noodzakelijk was om een
schijngrondwaterspiegel op te bouwen was 6 uur. Echter, gedurende de hoogtij van
het regenseizoen kan deze periode teruglopen tot minder dan één uur. Vastgesteld
werd ook dat continue neerslag met een hoge intensiteit gedurende vier uur kan
leiden tot een scherpe stijging in de schijngrondwaterstand waarbij kritieke niveaus
bereikt kunnen worden in met bodem gevulde depressies in het moedergesteente.
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Wanneer deze niveaus voor ongeveer 10 uur gehandhaafd blijven kunnen ondiepe
afschuivingen optreden. De hydrologische respons die tot het optreden van
instabiliteit kan leiden heeft een reactietijd in de orde van zes uur. Een modeltijdstap
van één uur is dientengevolge vereist om deze respons accuraat weer te kunnen
geven.
Alle benodigde bodemeigenschappen werden bepaald en ruimtelijk verdeeld
ingevoerd. Blokregressiekriging werd geïdentificeerd als de beste ruimtelijke
interpolatietechniek om de bodemdikte te schatten in gebieden met een grote
menselijke invloed zoals het studiegebied. Bij de ruimtelijke interpolatie van de
bodemdikte werden de volgende predictoren gebruikt: hoogte, aspect, hellingshoek en
hellingskromming, afstand tot watervoerende stromen, de samengestelde terreinindex
en landgebruik. Gegeven de dominante plantensoort in iedere landgebruikseenheid en
de bodemdikte ter plaatse werd de wortelversteviging berekend aan de hand van de
gemeten treksterkte en verankeringsterkte van de wortels, de worteldiameter en de
wortelverdeling met diepte. Hierbij werd gebruik gemaakt van het bezwijkmodel voor
deformerende wortels die loodrecht door het schuifvlak groeien zoals opgesteld door
Waldron (1977) en Wu et al. (1979). Negen plantensoorten werden getest op hun
worteleigenschappen waarbij vastgesteld werd dat teakbomen (Tectona grandis) de
grootste netto wortelversteviging verschaften aan de bodem. Met deze
invoergegevens werd het STARWARS model gekalibreerd en gevalideerd aan de hand
van observaties over de periode 2007-2008. Het PROBSTAB model werd gekalibreerd
en gevalideerd aan de hand van het overzicht van aardverschuivingsactiviteit voor
respectievelijk de jaren 1993 en 2001 waarbij de benodigde uurlijkse neerslagdata
verkregen werden door de dagelijkse neerslagmetingen van een nabije theeplantage
neer te schalen met behulp van stochastische technieken.
Om de invloed van veranderingen in landgebruik op de kortere en langere termijn
op de stabiliteit van de hellingen in het gebied te onderzoeken werden historische
landgebruikskaarten voor de periode 1913 tot 2008 geproduceerd alsmede de
bijbehorende kaarten van de bodemdikte en wortelversteviging. Tevens werden twee
mogelijke scenario’s voor toekomstig landgebruik vastgesteld voor de jaren 2016 en
2058 en de landgebruikskaart en de bijbehorende kaart voor wortelversteviging
geproduceerd. Hoewel deze hypothetische scenario’s slechts één mogelijke uitkomst
van de vele mogelijkheden van toekomstig landgebruik weergeven, is het resultaat
hiervan interessant omdat de zij uitgaan van herbebossing en de daaraan verbonden
bescherming van de bodem in het studiegebied. Deze scenario’s werden vervolgens
gebruikt om de hellingstabiliteit en de bezwijkkans te berekenen gegeven de
neergeschaalde uurlijkse neerslag voor het jaar 1985, welke de grootst gemeten
dagelijkse neerslagsom omvatte voor de laatste 57 jaar waarna ten minste één
oppervlakkige aardverschuiving in het studiegebied optrad.
Op grond van proefondervindelijke vaststellingen en modelresultaten werd
geconcludeerd dat de een continue regenbui van 4 tot 26 uur, resulterend in
neerslaghoeveelheden tussen 106 en 290 mm, nodig is om kritieke niveaus in de
schijngrondwaterspiegel te bereiken in met bodem gevulde depressies in het
moedergesteente en dat ondiepe aardverschuivingen op kunnen treden wanneer deze
niveaus voor ongeveer 10 uur gehandhaafd blijven. Het werd duidelijk dat de
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landgebruiksveranderingen in het begin van de 20e eeuw geleid hebben tot
wijdverbreide veranderingen in bodemdikte als gevolg van de aanleg van terrassen en
tot een afname van de wortelversteviging. De modelresultaten voor de
landgebruiksveranderingen van het preplantage tijdperk (1913) tot de huidige situatie
(2008) duiden op een algemene toename in het gebied dat gevoelig is voor bezwijken,
met een toename van 43% voor het gebied waar de sterkte deterministisch
onvoldoende is om stabiliteit te garanderen en een toename van 49% in potentieel
instabiel gebied wanneer de bezwijkkans wordt meegenomen.
Ondanks de tamelijk idealistische grootschalige herbebossing in de verre toekomst
(2058) wordt de stabiliteit van het preplantage tijdperk (1913) niet gehaald omdat de
wortelversteviging achterblijft bij de waardes in het verleden. Dit kan impliceren dat
het stimuleren van herbebossing als bodemconserverende maatregel niet het beoogde
effect kan sorteren.
Dit onderzoek toont aan dat in het studiegebied de veranderingen in landgebruik
een grotere invloed hebben op hellingstabiliteit dan de neerslaghoeveelheid. Dit staat
haaks op het algemeen geldende idee dat de kans op het optreden van ondiepe
aardverschuivingen bepaald kan worden aan de hand van het herhalingsinterval van
extreme neerslaggebeurtenissen die eerder tot instabiliteit hebben geleid. Het is om
deze reden dat, in gebieden die sterk door de mens worden beïnvloed,
overgangskansen in landgebruik vastgesteld en meegenomen zouden moeten worden
in gangbare regionale studies naar aardverschuivingrisico’s waarbij gebruik gemaakt
wordt van heuristische en statistische technieken.
Op grond van de resultaten van dit onderzoek kunnen enkele aanbevelingen
geformuleerd worden met betrekking tot landgebruik, waterbeheer en herstel in deze
gebieden om het risico op hellinginstabiliteit te verminderen. Op grond van dit
onderzoek kunnen verscheidene aanbevelingen voorgedragen worden voor
toekomstig onderzoek, waaronder met name de voorgestelde methodologie om
modellen van hellinginstabiliteit te koppelen aan modellen die de verbreiding van
bezweken materiaal beschrijven.
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