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By
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April 2016

Chairman ¢ Associate Professor Biswajeet Pradhan. PhD
Faculty :  Engineering

Rockfall is one of the catastrophes which threaten the human's life and properties in
mountainous and hilly regions such as Malaysia with steep and high elevation
topography. Prediction and mitigation of such phenomenon can be carried out via the
identification of rockfall source areas and modelling of rockfall trajectories and their
characteristics. Therefore, a proper rockfall analysis method is required in order to map
and thus understand the characteristics of rockfall catastrophe. This research adopted
various methods to investigate, analyze and assess rockfall in terms of identification of
rockfall source areas, modelling of rockfall trajectories and their characteristics and
consequently rockfall hazard map. A portion of North-South Expressways at Jelapang,
Malaysia was used as a study area for rockfall hazard assessment. An airborne laser
scanner (ALS) was used to gather high-density data point (3-4 pts/m?). After post-
processing in terms of filtration, interpolation and fill, high-resolution DEM (0.5m) was
generated. In this study, rockfall source areas were identified using multi-criteria
method based on DEM derivates, terrain type or land use/cover (LULC) and high
spatial resolution aerial photo (13cm). After the rockfall source areas were identified,
rockfall modelling has been done using 3D rockfall model integrated into GIS
software. Rockfall modelling processes are carried out through discrete time steps
kinematic algorithms that are automatically determined by both particle velocity and
cell size. Kinematic algorithms allow rockfall modelling in different motion modes in a
3D frame. Mechanical parameters (coefficients of restitution tangential (Rt) and normal
(Rn) and friction angle) were considered to be crucial for rockfall modelling. Multi
rockfall scenarios were produced based on a range of mechanical parameters values.
Rockfall spatial distribution modelling technique was utilized to display the rockfall
spatial distribution frequency, bouncing or flying height and kinetic energy for each
scenario according to the outcomes of 3D rockfall process modelling. The hazard map
predicting rockfall hazard for each scenario was produced by using of spatial modelling
which considers all raster of the rockfall characteristics. Analytic hierarchy process
(AHP) was applied in this step to get the weight for each rockfall characteristics raster.
The rockfall hazard along the expressway was observed and the hazard percentage was
demonstrated. The result shows rockfall behaviour is highly affected by mechanical
parameters values. It clears that when the values are big, the rockfall trajectories have
the longest stopping distance and more complicated behaviour which result in
increasing of rockfall characteristics. This results in rising of the areas affected by



rockfall hazard. In addition, in order to mitigate rockfall hazard, a barrier location was
suggested based on less bouncing height and energy. The entire simulation procedure
was repeated with a barrier to show the efficiency of barrier eliminating rockfall
hazard. The result shows the barrier in suggested location can effectively aid in rockfall
hazard mitigation. The outcomes of this study prove the ability of the proposed and
applied methods to make valid detection and prediction for rockfall phenomena. The
results are expected to not only provide a quick comprehensive assessment of future
rockfall hazards and risks but also serve as a guide for barrier designers. The applied
methods and information will add a valuable contribution to the rockfall management
in the tropical Malaysia.
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Runtuhan batu merupakan salah satu malapetaka yang mengancam kehidupan manusia
dan hartanah di kawasan pergunungan dan berbukit-bukau seperti Malaysia yang
mempunyai topografi tanah tinggi yang curam dan jauh dari aras laut. Ramalan dan
usaha mengurangkan kesan fenomena ini boleh dilakukan dengan mengenal pasti
kawasan punca runtuhan batu dan membina model trajektori runtuhan batu dan ciri-
cirinya. Oleh itu, kaedah analisis runtuhan batu yang betul diperlukan untuk
menyediakan petunjuknya dan dengan itu ciri bencana runtuhan batu dapat difahami.
Kajian ini menggunakan pelbagai kaedah untuk mengkaji, menganalisis dan menilai
runtuhan batu dari segi pengenalpastian kawasan punca runtuhan batu, model trajektori
runtuhan batu dan ciri-cirinya, dan seterusnya petunjuk bencana runtuhan batu.
Penyelidikan ini dibahagikan kepada dua sudut umum. Sebahagian daripada Lebuhraya
Utara-Selatan di Jelapang, Malaysia telah digunakan sebagai kawasan kajian untuk
menilai bencana runtuhan batu. Pengimbas Laser di Udara (ALS) telah digunakan
untuk mengumpul data dengan ketumpatan tinggi (3-4 titik / m?). Selepas
pascapemprosesan dari segi penapisan, mengisi dan interpolasi, resolusi tinggi DEM
(0.5m) telah dijanakan. Dalam kajian ini, kawasan punca runtuhan batu telah dikenal
pasti dengan menggunakan kaedah pelbagai kriteria berasaskan hasil DEM, jenis rupa
bumi atau penggunaan tanah / perlindungan tanah (LULC) dan gambar ruang dari
udara beresolusi tinggi (13cm). Selepas kawasan punca runtuhan batu dikenal pasti,
pemodelan runtuhan batu telah disediakan dengan menggunakan model runtuhan batu
3D yang bersepadu dalam perisian GIS. Proses pemodelan runtuhan batu dijalankan
melalui masa diskret dengan langkah algoritma kinematik yang ditentu secara
automatik oleh kedua-dua faktor, iaitu halaju zarah dan saiz sel. Algoritma kinematik
membolehkan pemodelan runtuhan batu dalam mod gerakan yang berbeza dalam
rangka 3D. Parameter Mekanikal (pekali pemulangan tangen (Rt) dan biasa (Rn) dan
sudut geseran) telah dianggap sebagai penting untuk pemodelan runtuhan batu. Senario
pelbagai runtuhan batu telah dihasilkan dengan berdasarkan julat nilai parameter secara
mekanikal. Teknik pemodelan ruang serakan runtuhan batu telah digunakan untuk
memaparkan kekerapan ruang serakan, lantunan atau ketinggian layangan, dan tenaga
kinetik bagi setiap senario mengikut hasil pemodelan proses runtuhan batu 3D.
Petunjuk bencana yang meramalkan bencana runtuhan batu untuk setiap senario telah
dihasilkan dengan menggunakan pemodelan ruang yang mengambil kira semua gugus



ciri runtuhan batu. Proses hierarki secara analisis (Analytic Hierarcy Process - AHP)
telah digunakan bagi langkah ini untuk mengetahui bebanan setiap gugus ciri runtuhan
batu. Bencana runtuhan batu di sepanjang lebuhraya diperhatikan dan peratusan
bencana dipaparkan. Hasil kajian menunjukkan bahawa lakuan runtuhan batu amat
dipengaruhi oleh nilai parameter mekanikal. Ini mencerahkan bahawa apabila nilai
parameter mekanikal ini besar, trajektori runtuhan batu akan melalui jarak berhenti
paling jauh, dan lebih banyak lakuan rumit hingga menambah ciri runtuhan batu. Ini
menyebabkan peningkatan kawasan yang terlibat dengan bencana runtuhan batu. Di
samping itu, untuk mengurangkan bencana runtuhan batu, dicadangkan supaya lokasi
penghadang disediakan dengan berdasarkan ketinggian lantunan dan tenaga yang
kurang. Prosedur simulasi keseluruhan diulang dengan suatu penghadang untuk
menunjukkan kecekapan penghadang dalam mengelakkan bencana runtuhan batu.
Hasil kajian menunjukkan bahawa penghadang pada lokasi yang dicadangkan menjadi
alat yang berkesan untuk mengelakkan bencana runtuhan batu. Hasil kajian ini
membuktikan bahawa kaedah yang dicadangkan dan digunakan berupaya untuk
mengesan dan meramalkan fenomena kejatuhan batu secara sahih. Keputusan dijangka
bukan sahaja dapat menyediakan penilaian komprehensif yang cepat terhadap bencana
dan risiko runtuhan batu pada masa hadapan tetapi juga bertindak sebagai panduan
untuk mereka bentuk penghadang. Kaedah dan maklumat yang digunakan akan
menambah sumbangan bermakna untuk pengurusan runtuhan batu di kawasan tropika
Malaysia.
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CHAPTER 1

INTRODUCTION

1.1 General

In steep mountainous and hilly terrain, rockfalls are natural phenomena. Rockfalls can
differ both in magnitude and in the frequency by which they travel down a slope. Such
natural phenomenon can pose a serious danger to the transportation corridors which
pass through this area. Rockfalls are responsible for delays in goods transportation,
damage to both infrastructure and vehicles, and injuries to persons in the region
including deadly accidents (Hoek, 2007). While it is true that rockfalls occur naturally,
the rockfalls hazard frequency can be increased with more steepening of the rocky
slope, high density of rainfall and poor blasted practice that has been used in
transportation corridor construction. In both man-made and natural slopes, rockfall
hazard identification and mitigation are significant to maintain the functionality and
safety of such transportation corridors.

Rockfall occurrence can vary both temporally and spatially along transportation
corridors. Therefore, to identify a portion of a transportation corridor as a rockfall
hazard is beyond the boundaries of regular engineering analysis. Conventionally, once
a rockfall hazard is specified, based on historical information, remedial measures are
assessed. The processes in the rockfall analysis have three main stages: (1) location
identification of rockfall hazard, (2) location investigation to assign the rockfall source
areas, and (3) determination of the geometry characteristics of site that can be used as a
boundary condition for the analysis of rockfall. The result from such analysis provides
the rockfall characteristics associated with each rockfall event, including the frequency,
velocity, bounce height and energy. The factors that affect this result are the parameters
that control how the energy is dissipated and absorbed as the falling rock bounces, rolls
and slides down the slope surface, and the three-dimensional geometry of terrain that
provides the slope characteristics where these processes occur.

1.2  Slope Failure Problem

Rockfalls are a great threat to public transportation networks and properties in hilly
regions and rock cutting. However, rockfalls do not present the same degree of
economic danger as large-scale failures that can block significant transportation roads
for many days at a time, the numbers of the people killed by rockfalls hazard tend to be
of the same order as people killed by the other types of rock slope instability. Martin
(1988) reported that rockfalls, small rockslides and ravelling are the most frequent
problems on transport roads in mountainous regions of North America. Hungr and
Evens (1988) observed that there had been 13 rockfall loss of life in the last 87 years in
the mountain motorways of British Columbia at Canada. Over the last decades, the
increasing slope failure has been observed In Malaysia. Most of them have happened
on cut slopes or on embankments alongside roads and highways in mountainous areas

1



(Pradhan et al., 2010). Shu & Lai (1980) recorded the main rockfall event at Gunung
Cheroh, Ipoh, Malaysia, the rockfall included collapsing of the whole face of the cliff
as one plate measuring certain weighed 23,000 tonnes and 33 meters in length.
Resulting in 40 person deaths and many cattle as well. Amongst these failures was the
latest slope failure with the disastrous effect that happened on 7 of August 2011 in
Kampung Sungai Ruil, Cameron Highlands, while another main slope failure occurred
on 21 May 2011 in Hulu Langat. In addition, Rockfall buried the back part of an illegal
factory on the foothills of a limestone hill which occurred in Bercham, Ipoh, Perak,
Western Malaysia in December 2004 and caused 2 deaths. There are also some rockfall
incidents which generate major inconvenience but without any casualties like
Athenaeum Condominium, Ulu Kelang: May 1999 and rocky slope failure at Bukit
Lanjan on the New Kelang Valley Expressway: 2003 that resulted in traffic disruption
for six months.

1.3  Background of Study

Rockfalls computer simulation programs have become an easy and cost-effective
means for rockfall analysis. Various simulation programs have been evolved and
implemented in the practical prediction of rockfall over the past two decades. Those
programs use simplified parameters to mimic rockfall behavior calculating trajectories
and their characteristics and providing handy statistical information for the design of
remedial ways. The parameters needed for rockfall simulation including the geometry
of slope, slope material characteristics and rock properties, of which the coefficient of
restitution (COR) of a slope is the key input and is the most challenging to assess. The
Coefficient of Restitution (Rn and Rt) explains the kinetic behavior of a falling rock as
it affects against the surface of the slope. Every time the rocks impact against the
surface of the slope, the properties by which they move are altered. Hoek (2007)
described COR as mathematical expressions of the surface material retardant ability
when dealing with the falling rocks. Every slope has unique characteristics, which
differ from region to another across the slope. Every falling rock has a unique
characteristic as well. It is, therefore, very hard to characterize the coefficient of
restitution since each site has a unique set of characteristics. Simplification of this, the
coefficient of restitution is generalized to match the behaviors of the similar falling
boulders down the slope which have realized parameters. The coefficient of restitution
is most commonly identified as the loss of velocity in both directions normal and
tangential to the slope surface.

1.4  Scope of Study

Rockfall occurs in steep terrain and determining the slope geometry on which these
hazards occur is demanding. Remote survey methods are generally preferred to create
the steep rock slope geometry. The remote survey technique that has become quite
popular in the last ten years is Light Detection and Ranging (LiDAR). Since airborne
LiDAR technique is widely popular these days, it has been widely used for rockfall
analysis. In this thesis, airborne LiDAR technique was used to derive three-dimensional
digital elevation model (DEM) of slope terrain.



The analyses of rockfall described in this thesis employ 3D physical rockfall modelling
process in combination with GIS-based distribution modelling utilized to evaluate the
rockfall hazard in regional scale. The achievement of this research has been performed
employing 3D rockfall model integrated into GIS which significantly expands the
functionality of GIS in the rockfall hazard analysis. Through the use of both vector and
raster dataset, the model is able to efficiently handle distribution geometry and
mechanical parameters. Raster rockfall distributed modelling approach is utilized to
derive the rockfall spatial distribution in terms of rockfall frequency, bouncing height
and energy depending on the outcome of 3D rockfall trajectories modelling. The
influence of barrier, such as catch net in the advanced rockfall hazard analysis, is also
taken into account. The input parameters required for this analysis, such as the slope
geometry (slope, aspect and curvature), were derived from high-resolution DEM. The
mechanical parameters (coefficient of restitution and friction angle) were obtained from
an extensive literature review. Rockfall multi-scenario is conducted based on the
minimum and maximum common Vvalues of these parameters based on the geological
setting and the terrain type of the study area. Finally, a spatial modelling in
combination with analytical hierarchy process (AHP) was applied to produce the
rockfall hazard map based on rockfall characteristics (frequency, height and energy).

1.5 Problem Statement

Ipoh is one of the main cities in Malaysia. The bedrock geology for Ipoh and
surrounding areas are granitic hills, limestone bedrock, and mine. As a result, a lot of
engineering geologic issues have been encountered Ipoh and its immediate
surroundings, involving rockfalls and landslides. The bedrock of limestone in every
region rises over the alluvial plains forming limestone hills with vertical to sub- vertical
slopes.

The major trigging factors of rockfalls are ascribed to the rainwater along the crevices
and joints exist in the limestone and it is unavoidable that the rock plates will fracture
from the cliff where this action is sufficiently decreased its stability. Rockfalls might
have also been precipitated by a number of secondary triggers, like vibrations such as
low-intensity seismic, mine explosion and passing cars surrounding and oscillation
associated with the wind blows through vegetation that growing on cliff faces and lost
cohesion due to extended periods of humid weather. Rock blocks and slabs will thus
fall down and occasionally even though the time and period of subsequent rockfalls are
unpredictable.

The North—South Expressway (NSE) is considered as the longest highway in Malaysia.
The highway links several important cities and towns in the west Peninsular Malaysia
involving Ipoh, which acts as the 'backbone' of the western coast of Peninsula. The
NSE extends from the Malaysian-Thai boundary in the north to the boundary with
adjacent Singapore in the south. NSE in Malaysia is contributing to the country
economic growth through social, commercial, and the tourism sector. The rockfall
incidents are frequently happened along the NSE (Figure 1.1).


http://en.wikipedia.org/wiki/Malaysia

Jelapang area is very close to Ipoh and it is a small section of PLUS Highway Berhad
in Malaysia, is susceptible to rockfall hazard. PLUS Berhad owns the franchise with a
total of 987 kilometers of toll expressways in Malaysia. Currently, the highway
considers good in terms of its status and connectivity to each state but some areas
requiring urgent attention. Slope stability at these places is of most interest as any
instability could cause a hazard to drivers. The slope of the study area is cut slope and
categorised as high potential risk. In addition, based on the inventory data the study
area had rockfall events in three different regions within the study area (Figure 1.2).
Moreover, the study area is located in the direction of two faults (Figure 1.3) that can
increase rockfall potential, as stated by Bréveit et al. (2016), the instability problems
are largely related to local faults. Therefore, rockfall hazard evaluation along the NSE
is extremely significant. The achievement of this research will be significantly useful to
rockfall hazard preparedness and damage reduction to PLUS Highway Berhad.

Figure 1.1 Rockfall Incidents along the North-South Expressway
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Figure 1.2 Inventory Information of Rockfall Events within the Study Area
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Figure 1.3 The Study Area Located in the Direction of Two Faults

1.6  Research Gaps

There are many studies have been performed regarding characterization of rockfall
hazard. However, there is some limitation associated with the implementation of these
studies. The main gaps that obtained from extensive literature review are:

1- The use of airborne laser scanning for rockfall hazard assessment is
infrequent.
2- The identification of rockfall source areas is the most challenge in

rockfall simulation. In addition, most of researchers relied only on slope
angle to determine rockfall source areas.

3- A lot of rockfall studies are performed based on 2D rockfall modelling.
However, these models are critical to select 2D slope profile and are
restricted to provide the spatial distribution of rockfall trajectories and
their characteristics. Therefore, they cannot provide realistic assessment
results of rockfall hazard.

4- Almost all studies have ignored the uncertainty due to mechanical
parameters that strongly affect the outcomes of rockfall modelling.



1.7  Research Objectives

This research proposes some methods that clearly contribute to the gap in the literature.
The main research objective of this research is to predict rockfall hazard along a
portion of NSE using LiDAR data as:

1- To develop a method of seeder location identification and mechanical
characteristics.

2- To derive rockfall characteristic in term of trajectories, frequency,
bouncing height, velocity and energy in multi-scenarios.

3- To generate rockfall hazard map for each scenario to delineate area at

risk and suggest a barrier location.

1.8  Research Questions

This thesis comprehensively addresses the following research questions:

1- What is the accuracy of digital elevation model (DEM) that can be
obtained from using of LiDAR technique?

2- What are the probable sources of rockfall (seeder points)?

3- What are the possible trajectories of falling rocks down the slope?

4- Where do falling rocks stop? Can they be characterized?

5- How can the mechanical parameters affect the rockfall characteristics?

6- What are the regions subject to probable hazard from future rockfalls on
the slope under the cliff?

7- What are the possible mitigation ways for rockfall damage?

8- What is the efficiency of mitigation way eliminating rockfall hazard?

1.9 Motivation behind this Research

Nowadays, natural hazards are common in today's life. Increasing amounts of natural
catastrophes have proved to the human the vital importance of the natural hazards
issues for the safety of the environment, and the populations. Rapid urbanization and
climate change are expected to raise the amount of rockfall. The rockfall which occurs
in tropical countries, especially Malaysia, emphasizes the extreme in climatic
variations. That is why, the topic of rockfall monitoring, mapping, modelling and
mitigation are among priority tasks in governments schedule (Kussul et al., 2008). This
phenomenon occurs due to the unexpected variation in the state of natural features due
to natural forces. In most of the cases, the human is not capable to control and predict
these disasters precisely. Main natural catastrophes such as rockfall, landslide,
earthquakes, floods and land subsidence when they occur, they lead to affect the human
lives, belongings, infrastructure and environment. The influence of natural hazards is
varying based on its amount and coverage region.



Rockfalls are the most frequent happening natural catastrophes which influence human
and its adjacent environment. Rockfall disaster is more prone to Asia and the Pacific
areas which influences the economic and social stability of those countries. Rockfall
incidents in Malaysia are very frequent, and have, at times, caused in fatalities as well
as destruction for the properties. A typical example of rockfall incidents has been
reported by Shu & Lai (1980) and Shu et al. (1981). Attention for providing proper
rockfall management has increased over the last centuries. The recent reasons for
recurrent falling rocks of some regions are mostly due to un-planned urbanization,
construction and deforestation activities. Despite all this its still human participation to
control rockfall catastrophe through the enormous use of various technologies.
Technology using can facilitate rockfall prevention actions to detect the rockfall areas
and to have an early warning for this catastrophe.

This thesis attempts to propose techniques to map the rockfall-prone areas locations
and map the rockfall susceptible areas using 3D rockfall modelling integrated into GIS
software. The key motivation of this research is to use the generated maps in order to
avoid more urbanization in hazardous areas and have a sustainable environment. To
reduce the damage and victims in case of a rockfall occurrence, it is critical to locate
the susceptible areas. Governments and planners can utilize the produced results by this
study to recognize safe regions for citizens, support first responders in emergencies,
and update the urban planning strategies. This information can decrease the
requirement to perform in-situ investigation by agencies such as surveying
departments.

1.10 Research Limitation

The proposed methods for rockfall hazard assessment have been applied and the
research objectives have been achieved. However, the environmental elements, like
rainfall, are not considered in the simulation of rockfall. Nevertheless, the focus of this
study is on assess of rockfall kinematic process and rockfall spatial distribution, thus
rockfall hazard. This is based on high-resolution LiDAR data and 3D rockfall model
integrated into GIS.

1.11 Thesis Organization

The thesis is split into five chapters. Chapter 1 demonstrates the background of the
research problem, the scope of the study, the research objectives and motivation behind
this research. Chapter 2 reviews the literature on rockfall hazard analysis. This chapter
mainly discusses the general principles and methodology of rockfall hazard analysis
including rockfall causes, mechanism, data sources, modelling approaches for rockfall
analysis and parameters affect the rockfall simulation.



Chapter 3 presents the methodology and framework of the thesis. This chapter presents
and discusses the data are necessary for rockfall hazard analysis. The chapter includes
following: deriving digital elevation model (DEM), identify rockfall sources and a 3D
modelling approach has been adopted to obtain rockfall trajectories and their spatial
distribution and then producing of rockfall hazard map. Chapter 4 presents the
collected information and the results of rockfall hazard analysis in term of trajectories,
frequency, velocity, bouncing height, energy and hazard map with and without a
barrier. Chapter 5 summarizes the research finding, limitations and suggests directions
for future work.
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