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ABSTRACT

Singapore was hit by prolonged intense rainfall in December 2006 resulting in
numerous slope failures. Many slope failures occurred on land owned, managed or
maintained by government agencies, among them, Singapore Land Authority (SLA)
which manages some 14,000 hectares of State Land. To have an efficient and
innovative way in managing the risk of slope failure on these State Land, SLA
initiated a project that made use of Geographical Information System (GIS) and a
statistical approach to identify locations prone to slope failure. This is the first attempt
in Singapore to use GIS, together with statistical tool, to identify locations of slope

failure risk island-wide.

The objective of the project is to use GIS based coincidence modeling to prepare a
Slopes Susceptibility Map for a spatial analysis. This will facilitate preventive
measures to be put in place to minimize damages and dangers. SLA developed a
numerical model to map slope hazard zones that suits Singapore’s environments,
topography, climate and other factors that influence slope failures. Several factor
maps including Digital Elevation Model (DEM), Slope, Aspect, Rainfall, Geology,
Faults and Hydrology were developed. The model uses Location-based Analysis of
the effects of prolonged rainfall which triggered most slope failures in Singapore. A
comprehensive repository of past slope failures in Singapore was developed. A
statistical tool named Analytical Hierarchy Process (AHP) was used to determine the

relative influence of various factors before performing spatial coincidence.

PAPER BODY

Background

The prolonged intense rainfall in December 2006 had caused numerous slope
failures all over Singapore. Singapore Land Authority (SLA), a Statutory Board with
the Ministry of Law, manages approximately 14,000 hectares of State Land. As a
large land manager in Singapore, SLA was affected by a high number of slope
failures that cost a substantial amount of resources in slope rectification and repairs.
Consequently, SLA looked into the use of spatial analysis for longer term solution. It

was an attempt to model factors that lead to slope failures such as rainfall,



topography, slope nature, etc. The objective is to formulate a method or model to
better identify locations prone to slope failures out of the 14,000 hectares of State
Land. The results would facilitate slope protection works to be carried out hence

minimizing damages and hazards.

The project team developed a Slope Susceptibility Map for Singapore, classifying
slope hazard zones in accordance to the likelihood of occurrence. The project team
then made use of the Slope Susceptibility Map to conduct an impact analysis to
identify high risk locations which could potentially affect properties, heritage buildings,
etc. in the event of slope failures. The identified locations were then subjected to field
study and geotechnical engineering analysis. Based on the recommendation from the
geotechnical experts, SLA would commission slope protection and failure prevention

works.

New Approach using Spatial Analysis
In order to sieve out the priority locations for slope protection works from the 14,000
hectares of State Land, the project team derived a new approach using Spatial

Analysis as illustrated in the diagram below:
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Development of Slope Data Repository

For a start, the project team developed a Slope Data Repository to store field data of
the failed slopes that occurred during the wet spell in December 2006 and January
2007. This helped the team to better understand the reasons and factors influencing
slope failures. The data collected from the sites include date of incident, location,
approximate affected area, dimensions of the affected area, description of the failed

slopes and description of the vicinity of the slopes.

Data collected were then digitized onto Geographical Information System (GIS) map
layer for further analysis. Preliminary observation derived from the data repository
revealed that most of the slope failures occurred in the central part of Singapore. This

repository was later used for development and verification of the susceptibility model.

Development of Slope Susceptibility Map

The Slope Susceptibility Map is an innovative numerical model to map slope hazard
zones that suits Singapore environments, its topography, climate and other factors
which influence occurrence of slope failure. The model includes preparation and
combination of several factor maps including Digital Elevation Model (DEM), Slope,
Aspect, Rainfall, Geology, Faults, and Hydrology which influence occurrence of slope

failure.

The development of the model required extensive data preparation and packaging
them into raster-based GIS layers to suit the needs of the model. The determination
of the data required to develop the model was done based on the background
research on the nature of slope failures in Singapore and various triggering factors.
Research revealed that majority of slope failures occurred during spells of heavy
“rainfall” and located in “low lying” areas with gentle “slopes”. The slope failures were
also found to be occurring within the vicinity of “geological faults and fractures”,
“roads” and “natural drainages”. Research also revealed that the slope failure tend to
occur in particular “lithological” formations and “slopes facing” particular directions.
Based on these inputs, the following layers of data were selected to be used for the

model:



1. Slope, Aspect (Direction of slope) and Elevation
2. Natural Drainages (surface hydrological features)
3. Lithology

4. Geological faults and fractures

5. Roads

1. Slope, Aspect and Elevation maps

Triangulated Irregular Network (TIN) algorithm provided by ArcGIS was used to
generate a Digital Elevation Model (DEM) using 5M vector contour data for the entire
island of Singapore (Figure 1). The contour data was supplemented with 1500
benchmark points of elevation in order to increase the accuracy of interpolation.
During the interpolations, lakes, reservoirs and rivers outlines were used as “hard-
clips” to ensure these were not interpolated and remain flat. The output vector TIN
model was then converted to a Raster DEM. To generate the raster elevation layer,

the raster DEM was concerted into discrete bands on elevation.
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As illustrated in Figure 2, raster DEM was also used to generate Slope and Aspect
maps using standard algorithms provided by ArcGIS. Slope and Aspect categories
were defined based on the background studies on the exiting slides. The red dots on
the map represent past slope failure occurred during 2006-7.
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Figure 2: Derivatives of DEM — Slope, Aspect and Elevation

It was quite evident that majority of the exiting slope failures were found to be
occurring in the low lying areas. This indicated that the slope failures in Singapore
occurred during the rain seasons when the water table came nearer to the surface
and created a parched water table very close to surface. This resulted in increased
pore water pressure and with the aid of all the other contributing factors such as
slope, aspect, geology etc, caused slope failures. When overlaid with the slope layer,
the Failed Slope repository showed 45% on the known failures occurred in the gentle
slope region (5-15 degrees) and 35% of them occurred in moderate slope regions
(15-35 degrees). It was also noted that the slope facing west were the more affected
by failures compared to the slope facing east. This indicated that the slope facing
east received more sun-time and hence dried up faster resulting in comparatively

lower susceptibility.

2. Natural Drainages (surface hydrological features)

Vector Surface Drainage and Hydrological features such as lakes, reservoirs etc
were used in conjunction with simulated flow accumulation map derived using the
DEM. The combined drainage maps provided more complete information on surface
drainage characteristics. Multiple ring buffers (50, 100 and 150m) were performed on

the final drainages and hydrological features, as influence of these features on slope



failures was expected to diminish with distance (Figure 3). The red dots on the map

represent past slope failure occurred during 2006-7.

Figure 3: Surface drainage and hydrological map

3. Lithology

Vector lithological maps from an islandwide Geological Survey performed in 1970s
was used for the model. The layer comprises various geological formations, alluvial
lands and also indicates the land under reclaimed category. The red dots on the map
illustrated in Figure 4 represent past slope failure occurred during 2006-7. It is quite
evident that majority of the failures have occurred in Bukit Timah Granite and
Gombak Norite formations.

Figure 4: Lithological map

4. Geological faults and fractures

This map was also derived from Geological Survey performed in 1970s. As the
influence of the faults and fractures likely to diminish with the distance, a 50m buffer



from these linear features was generated to delineate area of their influence to the

slope failures (Figure 5).

Figure 5: Geological faults and fractures
5. Roads

During the study period, majority of slope failures reported were adjacent to the roads.
As illustrated in Figure 6, Roads cut across the slopes, could potentially alter the
natural balance of the slopes even after measures were taken to stablise the slope. A
buffer of 50m was drawn over the existing Roads to delineate their area of influence.

Natural Slope

N\

Altered Slope

Figure 6: Slope beside road



Combining the various factor map

Each factor map was converted into cell-based raster format and overlay analysis
with existing slope failure inventory was carried out to reveal the relative influence of
various categories within the factor maps. The categories within the factor maps were
then ranked based on the frequency of existing slope failures within each of them.
These factor maps were then assigned with numerical ranking based on Analytical

Hierarchy Process (AHP). After categories within factor maps were assigned with

numerical ranking, a geospatial coincidence model was used to sum them together.

The resultant map was then classified into categories depicting various levels of
susceptibility to the slope failure. The diagram below shows the resultant map which

is called Slope Susceptibility Map:

Figure 7: Slope Susceptibility Map

In order to refine the results; the model also included a proximity analysis to
determine proximity of high susceptible locations to areas with properties. All the
data preparation, packaging and modeling were done using ESRI ArcGIS 9.2 with 3D
and Spatial Analyst Extension, which is an off-the-shelf Geographical Information
System (GIS) developed and sold by ESRI Inc US.




Proximity Analysis

After generating the Slope Susceptibility Map, the project team further identified high
risk slopes which are within close proximity of properties. The team made use of the
Slope Susceptibility Map and State Buildings Map Layer to conduct an overlay
analysis. By incorporating a 10m buffer zone around the high-risk slopes of the Slope
Susceptibility Map, the project team would be able to sieve out the slopes affecting

any building footprint.

Future Plans

With the development of the Slope Susceptibility Map, SLA is now refining the model
with more data inputs such as soil characteristics, moisture, depth, land use, water
table etc. Once the model is refined, SLA will develop a fully automated system to
generate the Slope Susceptibility Map. The system will refresh the Slope
Susceptibility Map automatically when new data are input into the system. SLA is
also exploring to share the Slope Susceptibility Map and Landslide repository on SLA
“LandNet” system which can be accessed by the various government agencies to
better manage their own lands as well. The system will assist them in their decision
making and the necessary pre-emptive works and also allow them to report any

slope failure that occurs in their own lands.

Summary

By leveraging on Geospatial data and through spatial analysis, SLA is able to narrow
down the areas to focus on and avoided conducting large scale visual field inspection.
It has saved time and resources for SLA and assisted SLA in better and faster
decision-making so that preventive measures can be put in place before the next wet

spell.
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