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Intensive geological fractures and their associated karst features in tropical
regions are often associated with unpredictable environmental and geotechnical
engineering problems. This requires precise modelling using modern techniques.
A 20 m spatial resolution Digital Elevation Model (DEM), a Geographic
Information System (GIS) and Weighted Spatial Probability Modelling (WSPM)
were integrated to predict the occurrence of flooding, landslides, sinkholes and
earth subsidence in Kuala Lumpur, Malaysia. Five essential thematic layers were
extracted using set of automated algorithms and then they were weighted. Layers
included were geological fractures, stream network, micro-depressions, slope and
lithological contact. All these thematic layers were assigned weights according to
their level of contributions to the occurrence of flooding, landslide, sinkholes and
earth subsidence. The map demonstrated that areas having very high geohazard
susceptibility show an area of 4.155 km? (8%), whereas the areas characterized by
low susceptibility for the occurrence of geohazard is approximately 16.394
(31.5%) of total Kuala Lumpur area. The natural hazard probability model was
validated by comparing its results with the published landslide locations and
geophysical and geotechnical maps of Kuala Lumpur and the comparison showed
strong agreement.

1. Introduction

Geologists, geomorphologists and geotechnical engineers are all aware of the role of
geological fractures (faults, joints, fissures and bedding planes) in natural resource
accumulation (Mah et al. 1995, Samy 2006). They are serving as they do as buried
channels for underground water movement, increasing the chemical and mechanical
weathering of rocks and contributing to the instability of both hillslopes and
bedrocks (Xeidakis ez al. 2004). Thus, they are closely associated with the landslides,
sinkholes, building collapse and earth subsidence (Gue and Tan 2001, Xeidakis et al.
2004, Samy et al. 2010a).

Surface and subsurface geological fractures and their associated karst terrain
features represent a challenge for environmental and geotechnical engineers. For
example, a location for the Petronas Twin Towers and Kuala Lumpur Convocation

*Corresponding author. Email: samy903@yahoo.com

© 2013 Taylor & Francis



72 S.1. Elmahdy and M.M. Mostafa

Centre (KLCC) has been shifted 50 m away from their proposed location to one
entirely within the Kenny Hill Formation (meta-sediments) (Azam et al. 1996, Tan
1996). This is due to the geological fractures, sinkholes, cavities and karst features
forming an irregular surface of limestone bedrock, described as the worst terrain in
the world (Gue and Tan 2001, Xeidakis et al. 2004, Zabidi et al. 2006, Samy et al.
2010b). In addition to cavities and sinkholes in Kuala Lumpur Limestone bedrock,
landslides and rockfall show unpredictable environmental and geotechnical
engineering problems in the adjacent mountainous areas. For example, hill view
building collapse, which killed seven people in Kuala Lumpur, was reported due to
the intensive geological fractures, steep slope and buried stream networks forming
insatiability of the bedrock (Chow et al. 1996a). Sinkholes and earth subsidence are
features commonly associated with the dissolution zones, along fault zones and
lithological contacts between Kuala Lumpur Limestone and Kenny Hill Formation
(Tan 1987, Gue and Tan 2001).

This demonstrates the need for a cost and time effective tool to precisely map the
terrain factors that contribute to the natural hazard and predict these events. The use
of remote sensing permits the revealing and mapping of the most crucial factors that
are associated with unpredictable environmental and geotechnical engineering
problems such as flooding, landslides, sinkholes, earth subsidence and building
collapse.

Occurrence of flooding, landslides, sinkholes and earth subsidence has been
studied for many decades using aerial photo interpretation and geophysical survey,
but integration of remote sensing and Geographic Information System (GIS) has
rarely been applied for predicting the occurrence of sinkholes and earth subsidence in
Kuala Lumpur city centre, Malaysia. Therefore, there is a need to specify weight of
the most contributing parameters toward natural hazard in Kuala Lumpur using
different remote sensing data.

Using an integration of remote sensing and GIS, sites of unpredicted occurrence of
environmental geotechnical engineering problems have been predicted for the first
time. By means of spatial data analysis and integration, the complex of
environmental and geotechnical problems can be predicted and investigated.

In the current study, in addition to using reasonable thematic layers of the most
important factors for the prediction of environmental problems, validation using
archived data and geotechnical maps was performed to check the accuracy of the
obtained map.

2. Study area

The study area is located in the central part of the western belt of the Malaysian
peninsula, stretching from 101° 45’ 45” E and 101° 35" 15” longitude to 2°58’ 30" N
and 3° 14’ 15" N latitude, with a total area of approximately 52 km? (figure 1(a)).
The eastern and western bordering hills are composed of granite, while the
southern bordering hills are made up by the Kenny Hill Formation. Approxi-
mately 40% of Kuala Lumpur is underlain by highly fractured limestone. The only
outcrop of Kuala Lumpur limestone bedrock located in the Batu Caves, in the
form of a cliff of about 213 m in height (Tan 1987). The limestone area and its
adjacent mountainous area are drained by several major rivers and streams,
running south from the mountainous areas towards Kuala Lumpur city centre
(GSM 1995).
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The stratigraphic units consist of Hawthornden Formation (metamorphic rocks),
Kuala Lumpur Limestone, Kenny Hill Formation and granite, and have experienced
a series of tectonic events during geologic times. A tremendous number of geological
fractures (Stauffer 1968, Yeap 1987) mark the eastern, western and southern
boundaries. These geological fractures are tensional and wrench, with some low-
lying both because of the regional shear stress that affects Kuala Lumpur and the
successive tectonic events that occurred during the Silurian and Cretaceous periods
(figure 1(b)). The orientations of the geological fractures are predominantly WNW-—
ESE, NNW-SSE and NE-SW (Gobbet 1964). The rainfall of the study area ranges
from 300 mm to 400 mm during two distinct wet seasons from September to
December and from February to May per annum as reported by the Drainage and
irrigation department of Malaysia (figure 2; http://www.met.gov.my).

3. Material and methods
3.1 Data pre-processing

One of the most important steps in mapping was to construct an accurate Digital
Elevation Model (DEM). In this instance, the traditional method of DEM and DTM
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Figure 2. Rainfall distribution map for peninsular Malaysia. Red square highlights the
location of investigated area (after http://www.met.gov.my). Available in colour online
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generation from topographic maps and stereo-pairs would fail to construct a DEM of
sufficient quality, due to the low slope and relief of the study area, while urban
development could affect the accuracy and number of contour lines. To overcome this
problem, two steps were applied to construct high quality of DEM. In the first step, the
SRTM DEM of ~90m spatial resolution was resampled to 30 m (http://
srtm.csi.cgiar.org/Index.asp). The original cell size (0.000834 in decimal degrees)
should be 0.000278 and the bilinear interpolation had higher accuracy and was quite
effective. Then, the Z-factor of resampled STRM DEM was merged with the Z-factor
of 30 m spatial resolution ASTER DEM (http://www.gdem.aster.ersdac.or.jp/
search.jsp). In the second step, the new 30 m spatial resolution DEM and DTM
generated from a 5 m contour interval topographic map were converted to contour
lines. After that, the Z values of contour lines of DTM and DEM were merged to
generate a more accurate DEM (figure 3).

To unify the scale of DEM with the geotechnical engineering map, the resultant
DEM was then resampled to 20 m and enhanced by applying a local moving mean
filter to reduce errors in the grid, such as artefacts or blunder errors, random errors
or noise and systematic errors (Hengl et al. 2003).

3.2 Methods

3.2.1 Natural hazard susceptibility mapping. The indicators of natural hazard
occurrence are related to geological fractures, stream network, micro-depressions,
lithological contacts and slope of the area. In order to model and predict the natural
hazard occurrence, different thematic maps (factors) were prepared. These include four
different thematic maps as essential and crucial factors were integrated in the GIS
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Figure 3. Flow chart of the methodology used for the study.
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environment as input layers to perform the environmental prediction mapping (figure 3).
The factors include: (i) geological fractures, which serve as channels and hence increase
the rock weathering (ii) stream networks, which are often connected with geological
fractures (Gerasimov and Korzhuev 1979, Ollier 1981), and hence, increases mechanical
weathering, karst features development, (iii) depressions, which reflect high geological
fractures intersections, karst features development and hence probability occurrence of
environmental and geotechnical engineering problems, (iv) lithological contact and/or
discontinuity between Kuala Limestone and Kenny Formation and granite, which can
serve as passways for downward transport of rainwater to Kuala Lumpur Limestone
bedrock and increase dissolution and probability of sinkholes and earth subsidence (Gue
and Tan 2001) and (v) slope, which controls the speed of rivers, mechanical erosion was
considered as a crucial factor in predicting flood and landslides occurrences.

3.2.1.1 Extraction of geological fractures. Geological fractures generally control
relief, spatial distribution of stream network, and rock erosion under the influence of
gravity (Young 1972, Gerrard 1981). Geological fracture intersections and looseness are
the most important features of the Earth crust’s increased seismicity, sinkholes and earth
subsidence (Gelfand et al. 1972, Karakhanyan 1981, Korobeynik ef al. 1982, Poletaev
1992). Therefore, zones of geological fracture intersection, wetness and erosion can
coincide with sites of landslide, sinkholes and earth subsidence (Karakhanyan 1981).

To carry out geological fractures crosscutting the entire study area, two modified
techniques were applied. In the first technique, a DEM was used to calculate slope
and aspect slope. After that, the calculated slope and aspect slope maps were
enhanced by applying contrast stretching. In the second approach, a set of shaded
relief in all directions (0°, 45°, ... 315%) with 28 times exaggeration in the Z
dimension (Jordan and Csillag 2001) was calculated. The calculated maps were then
enhanced by applying Soble filter with 10% threshold flowed by equalization
histogram to facilitate the visual interpretation (Samy et al. 2011a). The visual
interpretation based on the change of slope in the slope map and the change of the
tone of the shaded relief was used to carry out the geological fractures.

Since the detection of linear features is partially dependent on the origin of a light
source, the geological fractures extracted from different shaded relief maps were then
overlaid in one layer in GIS environment to construct map of the extracted surface
and subsurface geological fractures.

To spatially analyse the relationship of geological fractures to landslides, sinkholes
and earth subsidence, maps of geological fractures’ density and distance from
geological fractures were prepared. The map was categorized into four classes from
very low to very high. The map (layer) was given a weight 0.4 and the map classes
were given rate of effectiveness (F) ranges from 35 to 5 in weighted spatial
probability modelling. (tables 1 and 2).

3.2.1.2 Extraction of stream network. A D8 flow routing based on the 8-cell
neighbourhood approach (Jenson and Domingue 1988) was used to automatically
extract flow direction grid, and then, the major drainage network was delineated
through a flow accumulation function, and specified by a threshold value of 30 cells.
After that, the stream order and basins were delineated. The resulting stream network
density map was categorized into four classes. These classes are very high susceptibility,
high susceptibility, moderate susceptibility and low susceptibility. This map was
assigned a weight of 0.35 in the weighted spatial probability modelling (tables 1 and 2).
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Table 1. Ranks and weights for factors and their influencing classes used for sinkholes and
earth subsidence susceptibility mapping.

Probability Rate of

Hazard factor classes Average rank (R) Weight (W) effectiveness (E)
Geological fractures I (very high) 87.5 40% (0.4) 35

1T (High) 62.5 25

IIT (moderate) 37.5 15

1V (low) 12.5 5
Stream network I (very high) 87.5 35% (0.35) 30.6

1T (High) 62.5 21.8

IIT (moderate) 37.5 13.1

IV (low) 12.5 4.3
Micro-depressions I (very high) 87.5 15% (0.15) 13.1

1T (High) 62.5 9.3

IIT (moderate) 37.5 5.6

IV (low) 12.5 1.8
Lithological contacts I (very high) 87.5 10% (0.10) 8.7

11 (High) 62.5 6.2

IIT (moderate) 37.5 3.7

IV (low) 12.5 1.2

Table 2. Ranks and weights for factors and their influencing classes used for landslides and
rock fall subsidence susceptibility mapping.

Probability Rate of

Hazard factor classes Average rank (R,) Weight (W7) effectiveness (E)
Stream network I (very high) 87.5 40% (0.4) 35

IT (High) 62.5 25

IIT (moderate) 37.5 15

IV (low) 12.5 5
Geological fractures I (very high) 87.5 35% (0.35) 30.6

IT (High) 62.5 21.8

IIT (moderate) 37.5 13.1

IV (low) 12.5 4.3
Slope I (very high) 87.5 15% (0.15) 13.1

IT (High) 62.5 9.3

IIT (moderate) 37.5 5.6

IV (low) 12.5 1.8
Depressions I (very high) 87.5 10% (0.10) 8.7

IT (High) 62.5 6.2

IIT (moderate) 37.5 3.7

IV (low) 12.5 1.2

3.2.1.3  Extraction micro-depressions. For micro-depressions and pits extraction,
Wood’s method (1996) was used. A moving window size (3 x 3) is fitted to the DEM
and the rate of change in gradient of a central pixel in relation to its neighbours is
derived by a bivariate quadratic function.

Wood (1996) measured slope, minimum curvature and maximum curvature as a
set to recognize morphometric features. These features can be identified using a set of
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rules and criteria (Wood 1996). For example, pits and micro-depressions have
negative values (<0) for minimum curvature. Finally, the density of micro-
depressions was assigned of 0.15 and 0.10 in the weighted spatial probability
modelling (tables 1 and 2). The map was assigned to four classes as: very high
susceptibility, high susceptibility, moderate susceptibility and low susceptibility.

3.2.1.4 Delineation of lithological contacts. The lithological contacts can be defied
as a boundary and/or discontinuity between different lithological units. The
lithological contact between Kenny Hill Formation (met-sediments) and Kuala
Lumpur Limestone serves as passways for downward transport of rainwater into
Kuala Lumpur Limestone bedrock and increases its dissolution, thus there is high
probability of occurrence of earth subsidence and sinkholes. So, it is important to
include lithological contacts in natural hazard susceptibility analysis and modelling.

To delineate the lithological contacts, the geological map (figure 1()), and slope
and curvature maps were used. The abrupt change in slope and curvature maps was
used to delineate lithological contacts between Kuala Lumpur Limestone and Kenny
Hill and granite using visual screen digitizing. Finally, the density of lithological
contact was assigned as 0.10 in the weighted spatial probability modelling (table 1).
The map was assigned to four classes: very high susceptibility, high susceptibility,
moderate susceptibility, low and very low susceptibility.

3.2.1.5 Calculation of slope. Slope can be defined as the rate of change in
elevation and expressed in percentage or/and in degrees. Slope and slope direction
(aspect) play vital role in both rock fall and landslide occurrences especially in
tropical regions (Gue and Tan 2001, Tsaparas et al. 2002). Slopes play a very strong
role in determining rain water infiltration and acceleration as well as rock erosion
and sediment accumulation (Subba et al. 2001). To highlight on this role, slope map
was calculated from DEM. Slope map was assigned a weight of 0.15 in the weighted
spatial probability modelling (table 1).

The aforementioned geomorphometric features and parameters were chosen based
on their ability to provide meaningful insight into geomorphological and geological
processes. Finally, the locations of buried ex-open pit mining ponds (previous mining
activity) were digitized in polygons from archive topographic and geotechnical maps
for the areas underlain by Kuala Lumpur Limestone bedrock.

3.2.2 Weighted Spatial Probability Modelling (WSPM). The Weighted Spatial
Probability Modelling (WSPM) was applied to the map and landslide susceptibility
was estimated using four essential GIS thematic maps extracted from remotely
sensed data. Following a prior acknowledge and the previous other works in
geotechnical probability modelling (Samy et al. 2010a), and groundwater
potentiality mapping (i.e. Das 2000, Elewa and Qaddah 2011), the four essential
thematic maps were ranked and re-ranked according to their level of contribution to
environmental and geotechnical engineering problems occurrence. Therefore, they
were classified from high to low contribution, and the same classes were used in the
probability maps (tables 1 and 2). For instance, the factors of stream network and
geological fractures are more effective to the landslide occurrence than depressions in
areas of Kenny Hill Formation. Based on their level of contribution to sinkholes and
earth subsidence occurrences, the integrated factors were given the following
weights: geological fractures (40%), streams (35%), depression (15%) and
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lithological contact (10%), and then the classes were categorized as high probability,
moderate probability and low probability.

For sinkholes and earth subsidence, the ranks of four classes were classified as
100-75%, 75-50%, 50-25%, and 25-0%. Thus, the average ranks (R;) of four
classes were classified as 87.5, 62.5, 37.5 and 12.5% for classes from I to V,
respectively (tables 1 and 2).

To determine the level of spatial association between the location of known
landslides, earth subsidence and river flooding, the rate of effectiveness or
significance contribution (E) for each factor (thematic map) was calculated using
equation (1). For instance, if the weight of geological fractures equals 40%, and this
is multiplied by the average rank of 87.5 (class 1), the rate of effectiveness will be:

E=W;x Ry = 04 x 87.5 = 35 (1)

where W is the weight of each factor and R is the average rank of each factor.

Following equation (1) enables estimation of the rate of effectiveness to the natural
hazards occurrence of each factor (layer). It also provides a relative analysis between
various input layers. For WSPM, the various layers were overlaid and spatially
analysed in GIS environment. Finally, the obtained susceptibility map was checked
against the geotechnical map of Kuala Lumpur (GSM 2001).

It is important to note that, the ranking and calculated weights using WSPM were
chosen based on the factors’ (thematic maps) magnitudes and contributions to
natural hazards occurrence. For example, the geological fractures, stream networks,
depressions and lithological contacts showed the highest weight in the areas
underlain by Kuala Lumpur Limestone, sinkholes and earth subsidence, while the
stream networks, geological fractures and slopes exhibited the highest weight in the
mountainous area of Kenny Hill Formation where landslides and rock fall occurred
(tables 1 and 2).

3.2.3 Validation method. The result of susceptibility analysis and geohazard map
were validated using locations of landslides, earth subsidence and sinkholes reported
in the geotechnical map (GSM 2001).

As a first step of validation method, the natural hazard map (raster) was
vectorized to points (predictor points). Then, terrain parameters [particularly relief
(m), minimum curvature (1/100 m), maximum curvature (1/100 m), and slope
percentage] for each point (both reported and predicted) were calculated (Samy et al.
2011b).

Validation of the WSPM and natural hazard map was performed by correlating
mean, maximum, minimum and standard deviation of known landslides, sinkholes
and earth subsidence with the produced susceptibility map. In addition, terrain
parameters for each location of known and predicted landslides, cavities and earth
subsidence were correlated.

4. Result and discussion
4.1 Geological fractures and natural hazard occurrence

The map of geological fractures extracted from DEM using the modified methods is
shown in figure 5(a). The map shows distribution of the azimuths of the geological
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fractures. Their orientations were commonly found to be in the NE-SW, NNE-SSW
and WNW-ESE directions.

Sites of geological fracture intersections very closely associate with landslides,
earth subsidence and sinkhole occurrence: the weight and rate off effectiveness are
0.4 and 35, respectively. This is a normal result substantiating facts that fault
intersections often associate with landslides, sinkholes and earth subsidence
occurrence and (Poletaev 1992, Florinsky 1993).

When a landslide inventory map was compared with density of geological
fractures map, there is an indication that the geological fractures are affecting the
susceptibility of Kuala Lumpur Limestone and Kenny Hill formations. The very
high density of geological fractures within distance of 100 m of geological fractures
exceeded the average landslides, earth subsidence and sinkholes’ density of Kuala
Lumpur areas (figure 4(a)). As the density of geological fractures increases, the
probability of landslide occurrence increases and vice versa (figure 5(a)).

4.2 Stream network and natural hazard occurrence

The map of stream network extracted from DEM using D8 algorithm is shown in
figure 5(a). According to stream network map, four major trendings characterize the
study area: (i) NNE-SSW, (ii) WNW-ESE, (iii) NW-SE and (iv) NE-SW. These
features are often connected with geological fractures and share similar trending.
From this relationship, an indication can be obtained of the direction of geological
fractures expected in the Kuala Lumpur Limestone, the direction in which karst is
likely to be readily developed and hence the occurrence of earth subsidence and
sinkholes (Zabidi et al. 2006).

Based on stream network, the locations nearer to the stream network (figures 4(b)
and 5(h)) are the more susceptible areas to landslides, earth subsidence and
sinkholes: the weight and rate of effectiveness are 0.35 and 30.6, respectively (tables 1
and 2).

4.3 Micro-depressions and natural hazard occurrence

The maps of micro-depressions and density of micro-depressions calculated from
DEM are shown in (figures 4(c) and 5(¢)). Micro-depressions affect surface rainwater
movement, flow accumulation and soil moisture (Fedoseev 1959). The landslide,
earth subsidence and sinkholes distribution was compared with density within each
classes of micro-depression delineated. Results of data analysis show an increase in
frequency of landslide, earth subsidence and sinkholes with increased density of
micro-depressions. This is a normal result substantiating the fact that micro-
depression is often associated with fault intersections and landslides, sinkholes and
earth subsidence occurrence (Poletaev 1992, Florinsky 1993, 2000). Sites of high
density of micro-depressions are very closely associated with landslides, sinkholes
and earth subsidence occurrence: the weight and rate of effective were 0.15 and 13.1,
respectively.

4.4 Slope and natural hazard occurrence

Slope map calculated from DEM is shown in figure 7(«). The slope map comprises of
five classes for the study area, where the average slope was 45° (77%).
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Figure 4. (a) Geological fractures map, (b) stream pattern map, (¢) micro-depression map
and (d) lithological contact. These were calculated from DEM.

In the mountainous areas of Kenny Hill Formation, there is water acceleration and
active erosion in highly fractured rocks. This in turn will maximize the landslides and
rock fall occurrence (Karakhanyan 1981, Tsaparas et al. 2002), because rain water
saturation and infill sediments will be restricted to geological fracture intersections.
Site at slope of 0-78, the rate of effectiveness is 1.8, has a very low probability of a
landslide occurrence. Generally, elevation and slope show a symmetrical relationship
with probability occurrence of landslides and rock fall, and asymmetrical relationship
with probability occurrence of flooding (figures 6(b) and 7).

To highlight on the influence of slope on the occurrence of natural hazards, a
comparative analysis was performed between mountainous areas of Kenny Hill
Formation of steep slopes and relatively flat areas underlain by Kuala Lumpur
Limestone (figure 8), and thus the following considerations must be taken into
account. While in relatively gentle sloping terrain at lower elevation where the rivers
decelerate, the river flooding, earth subsidence and sinkholes occur at depressions
and regional fault zones intersections. Landslides and rock fall in mountainous areas
of Kenny Hill formation was found to occur at higher elevation (>70 m) and at
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Figure 5. Density classes maps of (a) geological fractures, (b) micro-depressions, (¢) stream
networks and (d) lithological contacts for the study area. These were extracted from DEM
using automated algorithm and visual interpretation.

steeper slopes (>7°). The steeper slope directions in the E-W, NE-SW and NW-SE
directions are the common directions in the mountainous areas (figure 7(a)). Sites at
lower elevation of 042 m with a gentle slope of 0-7° are closely correlated with river
flooding, earth subsidence and sinkhole occurrence (figures 7(b)).

Results of data analysis show an increase in frequency of landslides with increased
slope of up to 12°. After 12°, there is a sharp decrease in frequency of landslides.
Further spatial analysis indicated that landslides, earth subsidence and sinkholes in
weathered and highly fractured rocks have occurred at a lower slope angle of 7° than
massive and hard rocks, especially when rainfall exceeds 500 mm. The frequency
of landslides was compared with lithological map (figure 1(b)) and the density of
landslides within each lithological unit was calculated. The mountainous area of
Kenny Hill Formation (meta-sediments) is most susceptible to slope instability and
deeply weathered with higher slopes and landslides. The Kuala Lumpur Limestone,
as it is a highly fractured rock, already has zones of dissolution. Zones of dissolution
of this rock make it susceptible to earth subsidence and sinkholes, particularly where
it forms extreme karst.
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Figure 6. Major rivers and stream network are draped over (a) slope and (») shaded relief
maps calculated from DEM. The blue polygons highlight the areas at lower elevation of
<41 m that having high flooding susceptibility. The red dots highlight the reported landslide
locations and pink lines highlight the rock fall potential locations.
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Figure 7. (a) Slope versus elevation diagram of the study area and (b) profile of
morphometric parameters. These show that the geohazard occurrence is topographically
controlled.

4.5 Lithological contact and natural hazard occurrence

Figures 4d and 5d show the maps of lithological contact and density of lithological
contact between Kuala Lumpur Limestone and Kenny Hill Formation. This
lithological contact serves as an underground channel for groundwater movement
and increases the probability occurrence of earth subsidence and sink holes (Gue and
Tan 2001). Spatial distribution of earth subsidences and sinkholes was compared
with density within each class of lithological contact in Kuala Lumpur Limestone
and Kenny Hill Formation and granite. Results indicated that sinkholes and earth
subsidence frequency increases gradually with a decrease in distance from lithological
contact. Spatial analysis shows that 90% of known earth subsidence and sinkholes are
located within 50 m of lithological contacts: the weight and rate of effective are 0.1 and
8.7, respectively. Further spatial data analysis indicated that earth subsidence and
sinkholes on lithological contact occurred at lower angle, compared with other
locations. Several geotechnical engineering problems related to lithological contact
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Figure 8. Geohazard susceptibility map of the Kuala Lumpur city centre.

have occurred during construction of Pan Pacific Hotel and Putra World Trade Center
(PWTC) (Azam et al. 1996, Gue and Tan 2001).

5. Weighted Spatial Probability Modelling (WSPM) and validation

The obtained natural hazards susceptibility map pointed out that the high
probability locations of sinkholes and earth subsidence are almost located in the
areas where geological fractures intersected, which often are situated in the
depressions and lithological contacts in the central part of Kuala Lumpur (figure 8).

The areas having very high and high probability occurrence of flooding exhibit an
area of 17.116 km? (32.95%). The high flooding susceptibility class occupies
11.9 km? (22.9%), while the moderate susceptibility class occupies 19.4 km? (37.5%)
of the map, indicating the overall low and moderate natural hazard susceptibility of
the Kuala Lumpur city centre. These areas are Baharu, Medan Tuanku, Brickfields,
Park Avenue Homes and Haji Abdullah Counties (figure 6(b)).

The high probability localities for landslides and rock fall occurrence are almost
located in areas where the slope (>7°) is steep with intensive stream networks and
elevation of 70 m. The areas having very high natural hazard susceptibility show an
area of 4.1 km”> (8 %), whereas the areas characterized by low susceptibility for
occurrence of natural hazards occupy approximately 16.4 km? (31.6%) of total
Kuala Lumpur area (figure 8 and table 3).

Overlaying of locations of known landslides, earth subsidence and sinkholes and
the constructed natural hazard map is shown in figure 8. Commonly, sinkholes and
earth subsidence occurred in the flat areas (0-7%), while landslides occurred in
undulating areas (7-15%). It can be seen from figure 8 that very high and high
susceptible classes of sinkholes are located in areas of high density classes of
geological fractures, lithological contact and stream network.
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Table 3. Areas of geohazard map classes (km?). Total area studied: 51.943 km?.

Potential class Very high High Moderate Low
Area (km?) 4.155 11.907 19.487 16.394
Area (% of Kuala Lumpur city center area) 7.9 22.9 37.5 31.6

Based on visual inspection, the very high susceptibility class is in general
agreement with the spatial distribution of reported landslides, earth subsidence and
sinkholes within the area investigated. High and very high classes of flood, earth
subsidence and sinkholes are closely associated with low-lying (< 7°), where Kuala
Lumpur are present. High and very high classes of landslides are closely associated
with mountainous areas (>7°), where Kenny Hill Formation is present. The
validation of natural hazards susceptibility map was measured. The spatial
distribution of landslides in various susceptibility classes increases as the degree of
landslide susceptibility increases.

From the comparison of geotechnical engineering map and natural hazards
susceptibility map. The locations of known landslides, earth subsidence and sinkholes
are coinciding in many locations, in spite of difference in spatial resolution (pixel size)
and terrain attributes. In reality, cavities, sinkholes and earth subsidence that reported
in the published geotechnical engineering (GSM 2001) were observed within the high
density of the extracted geological fractures, stream network lithological contacts and
depressions, and in areas underlain by Kuala Lumpur Limestone bedrock rather than
throughout. However, landslides and rockfall occurrence were observed in mountai-
nous areas of Kenny Hill Formation (meta-sediments) with steeper slopes rather than
areas under by Kuala Lumpur Limestone.

Natural hazard susceptibility analysis result was validated using locations of
landslides, sinkholes and earth subsidence that were reported in the geotechnical
map (GSM 2001).

Validation was performed by correlating the moment statistics and terrain parameter
values [particularly mean and standard deviation, slope (%), relief (m) and minimum
and maximum curvature (1/100 m)] of the reported landslides, sinkholes and earth
subsidence locations with the natural hazard susceptibility map (Samy et al. 2011D).

Terrain parameters of each known and predicted point of landslides, earth
subsidence and sinkholes and their statistics for maximum, minimum, mean and
standard deviation are shown in figure 9 and table 4. The locations of predicted
natural hazards have mean and standard deviation of 151 and 50, respectively, while
the locations of known natural hazards have mean and standard deviation of 148 and
49, respectively (figure 9(a)). The peaks and trough of the terrain parameters graphs
(figure 9(b—e)) show strong agreement with little difference in values between predicted
and known locations of earth subsidence, sinkholes and landslides. Variations in the
terrain parameter values of predicted and known locations are attributed to the
difference in spatial resolution of the remote sensing and ancillary data.

Results obtained in this study demonstrate that the WSPM not only provides
precise mapping and predicting of natural hazard susceptibility but also enhances the
applicability of remote sensing and GIS to spatial-related computation. The
resultant natural hazard susceptibility map permits better understanding of
geohazard setting of the area underlain by Kuala Lumpur Limestone and the
adjacent mountainous areas.
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Figure 9. Graphs of basic statistics and terrain parameters (surface morphometric
signatures) of sinkholes, cavities and earth subsidence that were reported in geotechnical
(blue) and predicted (pink) maps. Available in colour online

Future work will involve real time model and the application of both SAR data
(e.g. ALOSPALSAR L band), and Light Detection And Range (LiDAR) in order to
construct more accurate slope and elevation maps, delineate more buried channels
and fractured zones and their associated karst features underneath alluvial deposits
and enable a better understanding of the geotechnical engineering and natural
hazard setting of the city of Kuala Lumpur.

6. Conclusions

The current study represents a geohazard model approach to integrate the essential
geological and geomorphological factors controlling environmental and geotechnical
engineering problems, and thus to reveal the information in a predictor map
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exhibiting spatial data for tropical areas with high response to the environmental and
geotechnical engineering problems in Kuala Lumpur, Malaysia.

Five essential layers (factors) were extracted from 20 m spatial resolution DEM.
These layers were geological fractures, stream networks, micro-depressions and
lithological contacts. These layers were ranked and re-ranked using WSPM in GIS
environment according to the rate of effectiveness of layers to the natural hazard
occurrence. Hence, the hazard predictor map was validated by comparison with the
published geotechnical engineering map of Kuala Lumpur, Malaysia and
geophysical reports. It was found that the constructed map agrees well with the
published maps and locations of reported landslides (GSM 2001).

This shows that the integrated approach outlined has its own advantages and can
be effectively used in geotechnical and geohazard application. The resulting
susceptibility map of Kuala Lumpur indicates that various locations have high
probability for the occurrence of environmental and geotechnical engineering
problems with significantly different magnitudes.

Several sites that are cross cut by geological fractures and stream network were
predicted to have very high and high hazard through the constructed predictor map.
These sites could be zones of cavities, rock dissolution and extreme karstification of
the Kuala Lumpur Limestone bedrock and Kenny Hill Formation. The results
obtained show that maps of WSPM can be used to predict the unpredictable
environmental and geotechnical engineering problems in areas underlain by highly
fractured carbonate bedrocks.
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