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Slope Failure at Bukit Gombak, 
Singapore (1989)
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Slope Failure in Bukit Batok, 
Singapore (2006)
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Distribution of Rainfall and Slope Failures 
during The Month of December 2006 (after 

National Environmental Agency, 2006)
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Distribution of Rainfall and Slope Failures 
during The Month of January 2007 (after 
National Environmental Agency, 2006)
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Location of Historical Slope Failures 
between 1982-2017 in Singapore
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Rainfall-induced Slope Failures
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Data taken from http://www.weather.gov.sg/climate-past-climate-trends/

Climate Change in Singapore
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Climate Change in Singapore
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First textbook on Unsaturated Soil Mechanics. 
Published by John Wiley in 1993, 
translated into Chinese in 1997 11



Second Textbook on Unsaturated Soil Mechanics. 
Published by John Wiley in 2012 12



Natural Condition of Unsaturated Soils –
Soils above Ground Water Table  
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Subdivisions of 
unsaturated soil zone 
(vadose zone) on local 

and regional basis.
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Man made Unsaturated Soils - Compacted Soil
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Separation of Saturated and 
Unsaturated Soil Mechanics
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Two independent stress tensors to represent
the stress state of an unsaturated soil:

Unsaturated Soil Mechanics Principle
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Single stress tensor to represent the stress
state of a saturated soil, i.e., effective stress:
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Soil-water Characteristic Curve 
(SWCC)

Typical desorption SWCC showing distinct zones 
of desaturation

Assumption is made that 
the material being tested 

is essentially 
incompressible
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Illustration of The Vadose Zone in Soil Layer 
(Modified from Fredlund and Rahardjo, 1993)
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Cracked, fissured zone 

Capillary zone 

Two-phase zone 

Dry zone 

Equilibrium 
negative pore-
water pressure 
line Water content

100 %0 %

Soil-water 
characteristic 
curve, SWCC

Phreatic surface

Vadose or 
unsaturated soil zone 

Ground surface

Water Contents in an Unsaturated 
Soil? 

phase zone 

Water content
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Permeability 
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Relationship between SWCC and 
Permeability Function and Shear Strength
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Characterization of 
Unsaturated and 

Saturated Properties of 
Residual Soils in 

Singapore
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Soil-water Characteristic Curve Testing

Tempe Cell

Pressure Plate

Capillary rise 
test

(for the 
measurement 

of wetting 
SWCC)
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Small-scale centrifuge

Rapid Measurement of SWCC

Dew Point Potentiometer
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SWCC test from Centrifuge, Pressure Plate 
and WP4C

Residual soil from Buangkok Link 
24



SWCC of Residual Soils in Singapore

Matric Suction,  (kPa)
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Old 
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SWCC Parameters of residual soil 
parameters in Singapore

Soil
Air-entry 

value (kPa)

Saturated 

water 

content

Residual 

suction 

(kPa)

Residual 

water 

content

Sedimentary 

Jurong 

Formation

1 to 116 0.3 to 0.60
1500 to 

18000

0.025 to 

0.100

Bukit Timah 

Granite
0.8 to 25 0.21 to 0.61 106 to 12000

0.015 to 

0.098

Old Alluvium 5 to 25 0.24 to 0.5 42 to 12000
0.009 to 

0.098
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Flow law for water (Darcy’s Law):
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Triaxial Permeameter for Direct 
Measurement of Unsaturated Permeability
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SWCC of Compacted Soil 
(50%sand-50%kaolin)

Suction,  (kPa)
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Permeability Function of Compacted Soil 
(50%sand-50%kaolin)

Suction,  (kPa)
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Relationship
between SWCC
and permeability
functions

Matric suction, (ua-uw) (kPa)
10-2 10-1 100 101 102 103 104 105 106

V
ol

um
et

ri
c 

w
at

er
 c

on
te

nt
, 

w

0.00

0.10

0.20

0.30

0.40

0.50

0.60

Matric suction, (ua-uw) (kPa)
10-2 10-1 100 101 102 103 104 105 106C

oe
ff

ic
ie

nt
 o

f p
er

m
ea

bi
lit

y,
 k

w
 (m

/s
)

1e-10

1e-9

1e-8

1e-7

1e-6

1e-5

1e-4

1e-3

1e-2

1e-1

Commencement 
of desaturation 
for a silty clayCommencement

of desaturation 
for a sand

Soil-water characteristic curves

Permeability functions

32

fine-grained soil

coarse-grained soil



Permeability Functions of Residual 
Soils in Singapore

Matric Suction,  (kPa)
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Shear strength:

      tantan fa
b
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Saturated soil:

Unsaturated soil:
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Extended Mohr-Coulomb failure envelope 
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Unsaturated Soil Testing

Triaxial cell for unsaturated shear strength

Direct shear for unsaturated shear strength 36



Interpretation of rate of change of shear strength 
with respect to matric suction, b, from the results 
of multistage triaxial tests at a constant net 
confining pressure 37



Cohesion intercept at  versus (uauw) plane (where
(ua) = 0) for fine grained residual soils from the
Jurong sedimentary formation
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Experimental Values Measured for b of Residual 
Soils in Singapore

Location Formation c’ (kPa) ’ (o) b (o)

Bukit Merah JF 5 30 22

Jalan Kukoh JF 15 33 25

Havelock Road JF 14 34 15

Depot Road JF 12 35 20

Ang Mo Kio BTG 8 30 18

Thomson Road BTG 15 33 25

Marsiling Road BTG 9 30 21

Bukit Batok BTG 12 37 28

Joo Seng Road OA 8 35 21

Bedok OA 3 34 26

Tampines OA 5 37 20

Note: JF = Jurong Formation; BTG = Bukit Timah Granite; OA = Old Alluvium
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Variations of Effective Cohesion 
for Residual Soils in Singapore
Cohesion, c' (kPa)
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Variations of Effective Friction Angle 
for Residual Soils in Singapore

Jurong Formation Bukit Timah Granite Old Alluvium

Effective friction angle, ' (o)
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Variations of b Angle for Residual 
Soils in Singapore

Jurong Formation Bukit Timah Granite Old Alluvium

Angle indicating the rate of increase in shear strength 
relative to matric suction, b (o)
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Spatial Distribution of Air-entry Value
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Spatial Distribution of Saturated 
Permeability
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Spatial Distribution of Effective Cohesion
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Spatial Distribution of Effective Friction 
Angle

46



Spatial Distribution of b Angle
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Development of 
High-range Suction 

Sensors
and

Assessment of Role of 
Unsaturated Soil in Slope 
Stability during Rainfall

48



Device
Suction 
component 
measured

Measurement 
range (kPa)

Equilibrium 
time

Manufacturer & relative cost*

Jet fill 
tensiometer

Matric 0 – 100 Several
minutes

Soil Moisture Equipment
Skye Instruments
Irrometer Co.
Dynamax Inc.
Cost: $

Small-tip 
tensiometer

Matric 0 – 100 Several
minutes

Null-type axis 
translation 
apparatus

Matric 0 – 1500 Several hours
– days

Universities
Cost: $$$

Miniature 
tensiometer

Matric 0 – 1500 Several
minutes

Universities
Cost: $$

NTU Mini 
Suction Probe

Matric 0 – 400 Several
minutes

Universities
Cost: $$

NTU Osmotic 
Tensiometer

Total 0 – 1500 Several
minutes

Universities
Cost: $$

Summary of matric suction measurement devices 
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Bourdon gauge 

Plastic body 

Ceramic tip 

Polyethylene tube 

Small tip tensiometer with jet fill cup for flushing 50

Low-Range Suction Measuring Techniques 



Small tip tensiometer system for measurement in laboratory 
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Percolation collection

Water storage tank

Constant level 
water tank

Top cover

Soil column

Transducer

Tensiometer

Personal computer

Data logger

Laboratory set-up of infiltration column 
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Measurements of 
pore-water pressure 
using small-tip 
tensiometers in an 
infiltration column of 
fine sand over 
medium sand
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Soil interface
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 2.5 mm  5.8 mm  6.5 mm 

0.4 mm 

1.2 mm 

steel tube 

plastic tube 

wires new high air-entry ceramic disk 

0.09-mm-thick diaphragm 
glass ring 

NTU mini suction probe

High - Range Suction 
Measuring Techniques 
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Plan view

Details of mini probe

Silicon rubber grommet

Soil specimen

Rubber membrane

Latex rubber (to seal
the rubber membrane
and grommet)

O-ring seal
5-bar high-air
entry ceramic disk

Miniature
pressure transducer

Triaxial equipment for shearing-infiltration test
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NTU Osmotic Tensiometer Development

Moisture
sensor

Unsaturated Soil

3

NTU Osmotic
Tensiometer

3

2

4

3

22
 m

m

1

1 
m

m
2 

m
m

15
.6

 m
m

Schematic drawing of NTU osmotic tensiometer design with (1) slope-shaped ceramic disc; (2) polymer chamber;
(3) threaded stainless steel cup; and (4) a piezo-resistive transmitter.

Laboratory Calibrations

Centrifuge
Suction range 0 ~ 250 kPa

Field Installation

Sensor Design and Configurations

WP4C Potentiometer
Suction range 0 ~ 100 MPa

Depths

0.15m (near surface)
0.5m
1.0m
1.5m
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Instrumented Slope 
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Field Measurements and Numerical Modelling Results
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Yishun

NTU-CSE,
NTU-ANX

Mandai

Marsiling

Havelock

Ang Mo Kio

Telok
Blangah

Bedok

Tampines

Sedimentary 
Jurong Formation

Bukit Timah
Granite

Old 
Alluvium

Kallang Alluvial 
Formation

Jalan Kukoh

Pasir RisLorong
Halus

Locations of Instrumented Residual Soil 
Slopes in Singapore (Research Collaboration 

between HDB and NTU)
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Case Studies for Unsaturated Soil

(a) Schematic diagram of relative position and arrangement
of on-line monitoring system for Jalan Kukoh and Marsiling
Road slopes, (b)  generalized geological map of Singapore

(b)(a)
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Field Instrumentations

(a) Jet-fill tensiometer (b) Piezometer (c) Rain gauge

62



Field Instrumentations

Typical layout of on-line monitoring system
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Piezometer

Piezometer

C1C1C2C2C3C3C4C4

D1D1D2D2
D3D3

D4D4

B1B1B2B2B3B3B4B4

A1A1A2A2A3A3A4A4

TensiometersTensiometers

Depth of Tensiometers:
A1, B1, C1, D1 = 0.64 m
A2, B2, C2, D2 = 1.31 m
A3, B3, C3, D3 = 1.66 m
A4, B4, C4, D4 = 2.08 m

Locations of Instruments for On-line Monitoring in 
Marsiling Road
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Results and Discussions
Bukit Timah Granite

• Monitoring period: July to September 2007.

• Total amount of rainfall on 16 September 2007 
was 345.6 mm.

• Maximum rainfall intensity = 72 mm/hr. 

• Depths of groundwater table  (from the ground 
surface) on 7 May 2008: 

– at the crest of slope: 16.2 m

– at the mid slope: 10.7 m

– at the toe of slope: 4.3 m.

65



Pore-water pressure readings at various depths

Marsiling Road slope 

(monitoring period: July–September 2007) 66



Total head contours of Marsiling Road site on 16 
September 2007

(a) Before rainfall (b) After rainfall
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A1A3A4 A2

B2B3B4 B1

C3 C2C4 C1

D1D2D3

Rain Gauge

Inclinometer

D4

Tensiometer 

Piezometer

Data Logger

Depth of Tensiometers:
A1, B1, C1, D1 = 0.64 m
A2, B2, C2, D2 = 1.31 m
A3, B3, C3, D3 = 1.66 m
A4, B4, C4, D4 = 2.08 m

Locations of Instruments for On-line 
Monitoring in Jalan Kukoh
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Results and Discussions
Sedimentary Jurong Formation

• Monitoring period: August to November 2008. 

• Total amount of rainfall on 23 August 2008 
was 100.2 mm.

• Maximum rainfall intensity = 92.4 mm/hr. 

• Depths of groundwater table (from the 
ground surface):

– at the crest of slope: 10.50 m

– at the mid slope: 9.9 m

– at the toe of slope: 2.1 m
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Pore-water pressure readings at various depths

Jalan Kukoh slope

(monitoring period: August-November 2008)
70



Pore-water pressure profiles on 23 August 2008 
during rainfall at Jalan Kukoh slope

(a) Row B (b) Row C
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Total head contours of Jalan Kukoh site on 23 
August 2008

(a) Before rainfall (b) After rainfall
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Finite element mesh and boundary conditions of 
Marsiling Road
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Finite element mesh and boundary conditions of 
Jalan Kukoh slopes
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Hydraulic properties

Soil-water characteristic curves of residual soils from 
sedimentary Jurong Formation and Bukit Timah Granite 75



Hydraulic properties

Permeability functions of residual soils from 
sedimentary Jurong Formation and Bukit Timah Granite76



Table 1 Shear strength properties of soils

Parameters

Bukit Timah 
Granite 

Sedimentary Jurong 
Formation 

Silty 
sand

Sandy 
silt

Clayey 
sand I

Clayey 
sand II

Effective cohesion, 
c’ (kPa)

9 0 4 0

Effective angle of 
friction, ’ (°)

34 33 33 36

b angle (°) 21 26.1 25 26.5
Total density, ρt

(Mg/m3)
2.03 1.88 1.84 1.92
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Shear strength versus matric suction
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Rainfall rate used in the analyses of Marsiling Road 
and Jalan Kukoh slopes

total rainfall: 
74.4 mm for 
6 h

total rainfall: 
155.2 mm 
for 5 h
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Seepage analysis
• No ponding condition was applied to the surface of

slope model.

• Evaporation and evapotranspiration are not
simulated in this study.

• Initial conditions for the slope models were limited to
negative pore-water pressures of 75 kPa to avoid
unrealistic pore-water pressures.

• The seepage analyses of rainwater infiltration into
the slope can be performed using the following
equation:
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     2
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Pore-water pressure profiles obtained from numerical analyses versus 
field data: (a) crest and (b) near toe of Marsiling Road slope from the 
beginning of rainfall (t=0) until the end of rainfall (t=6 h)

Pore-water pressure profiles
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Pore-water pressure profiles obtained from numerical analyses versus 
field data: (a) near crest and (b) near toe of Jalan Kukoh slope from the 
beginning of rainfall (t=0) until the end of rainfall (t=5 h)

Pore-water pressure profiles
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Slope stability analysis
• The computed pore-water pressures from the

transient seepage analyses using finite element
can then be as input to slope stability analyses.

• The factor of safety, Fs, calculation is based on
Bishop’s simplified method as the following
equation:

(10)
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Factor of safety variations

Factor of safety changes of Jalan Kukoh and Marsiling 
Road sites during infiltration and drying processes on 
26 September and 11 March 2008, respectively
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Preventive Measures for 
Rainfall-induced Slope 

Failures 
using the principles of 

Unsaturated Soil Mechanics 
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Horizontal Drain for Controlling of 
Groundwater Table
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Relationship
between SWCC
and permeability
functions

Matric suction, (ua-uw) (kPa)
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Capillary Barrier System for Minimizing 
Rainwater Infiltration
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Preservation of Tumulus Mound using Capillary 
Barrier in Japan

Sawada, M., Mimura, M. and Yoshimura, M. (2017) “Infiltration Control 
using Capillary Barriers for Conservation of Historical Tumulus 
Mounds” Japanese Geotechnical Society Special Publication, 5(2):5-01
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Capillary Barrier System for Minimizing Rain 
Infiltration in Royal Family Tombs in Korea

Obtained from http://www.n-kokudo.co.jp/tec_civil/capillary_02.html
*please refer to confidentiality and copyright notice
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Capillary Barrier System for Minimizing Rain 
Infiltration in Royal Family Tombs in Korea

*please refer to confidentiality and copyright notice
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Historical Development of Capillary Barrier System 
(CBS)

Year Work Reference

1998 1-D column to study the infiltration characteristics of CBS Yang et al. (2004)

2000 Mechanism of sloping CBS under high rainfall conditions Tami et al. (2004)

2003 Use of modified residual soil for fine-grained layer in CBS Indrawan et al. (2006)

2004 Potential use of residual soil and geosynthetic material in CBS Krisdani et al. (2006)

2006 -
2015

CBS for slope repair in Bedok (2006), Ang Mo Kio (2009), 
Tampines ( 2010), Matilda (2015) 

Rahardjo et al. 
(2007), (2012), (2013)

2010 Development of dual capillary barrier (DCB) system using 
recycled materials 

Harnas et al. (2014)

2012 Joint Patent for Modular Cover System (NTU-HDB)

2013 DCB for landfill cover system Rahardjo et al. (2013)

2015 Development of GeoBarrier system for slope protection and 
retaining structure

Rahardjo et al. (2015)

2015-
2020

Use of GeoBarrier system as slope stabilization at Orchard 
Boulevard (2015), at NorthShore (2018), Bidadari (2020)

*please refer to confidentiality and copyright notice
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Experimental Set-up of 1-D Capillary Barrier 
Model in Laboratory

Schematic diagram of the infiltration column apparatus 
(Yang et al., 2004)
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Schematic Diagram of The Capillary Barrier Column
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Rainfall Tests on Capillary Barrier Column
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Installation of Time Domain Reflectometry
and Tensiometer Tip
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Laboratory model of 2-D Capillary Barrier 
Model 98



Schematic Diagram of 2-D Capillary Barrier Model in 
Laboratory (Tami et al., 2004)
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Time histories of flux, pressure head and 
volumetric water content
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Ang Mo Kio
Tampines

Location of Slope with CBS in Singapore

Bedok
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Construction of the capillary barrier 
system
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Final condition
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Site Overall View at Ang Mo Kio

Tension crack and shallow failure on 8 Jan 2006
The total area of the slope to be covered with a capillary barrier 

system ~ 140 m2

10 m
33o
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Schematic Diagram of Capillary Barrier System at 
Ang Mo Kio slope
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Laying of Bottom Geocells
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Laying of Coarse-grained Layer at Ang Mo Kio
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coarse-grained layer

PVC pipe for 
tensiometer

geofabric

Geocells to be filled up with fine-grained layer

Laying of Separator Layer and Top Geocells

steel J-pin 
(750 mm length)
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Laying of Fine-grained Layer at Ang Mo Kio
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Capillary Barrier System at Ang Mo Kio St 21

Tensiometers
A3A4 A1A2

B3B4 B1B2

Geocells filled with 20 cm thick fine 
sand as the fine-grained layerGeosynthetic

Geocells filled with 20 cm thick granite chips as the coarse-grained layer

Depth of Tensiometers:

A1 = 0.54 m; B1 = 0.59 m

A2 = 1.15 m; B2 = 1.20 m 

A3 = 1.48 m; B3 = 1.50 m

A4 = 2.05 m; B4 = 2.10 m 
4.95 m

33o
9.1 m
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Tensiometer at Depth of 2.0 m
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CBS with recycled 
concrete aggregate 
for coarse grained 

layer

CBS with 
geodrain for 

coarse 
grained layer

Green Technology 
using Shrub 

(Orange Jasmine)

Green 
Technology 
using Grass 

(Vetiver)

Depth of Tensiometers:
TA1 = 0.63 m TA2 = 0.61 m TA3 = 0.67 m
TB1 = 1.18 m TB2 = 1.23 m TB3 = 1.29 m
TC1 = 1.48 m
TD1 = 1.76 m TD2 = 1.81 m TD3 = 1.84 m

TA1 TB1 TC1 TD1 TA2 TB2 TD2

Tensiometers

Capillary Barrier System at Tampines

TA3 TD3TB3

Original slope
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(a) Schematic diagram of CBS with RCA as the coarse-grained layer and 
(b) Cross-section of CBS with RCA as the coarse-grained layer,
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J-pins 
installation 
for fine-
grained layer

Longer J-pins were pre-
installed for fine-grained 
layer of Capillary Barrier 
System

Shorter J-pins were pre-installed 
for coarse-grained layer of 
Capillary Barrier System

Recycled crushed 
concrete aggregate 
backfilling for coarse-
grained layer
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Laying Geocell for 
fine-grained layer 

of Capillary 
Barrier System

Geocell

J-pin

PVC casings for tensiometer

Fine sand 
backfilling for 
fine-grained layer
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Factor of Safety Variations for Slope with 
and without Capillary Barrier System
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Another Application in a Housing Project 

117



Geobarrier System for Use in Different Slope Angles

118



Schematic Diagram of Geobarrier System

*please refer to confidentiality and copyright notice
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Application of GeoBarrier System 

Wall-free Multi-level Basement Carpark 120



GeoBarrier System

• GeoBarrier sytem (GBS) is a retaining structure

incorporating the capillary barrier system

• Non cohesive Fine and coarse recycled materials

are used as fine- and coarse-grained layers within

GBS

• The appearance of GBS is enhanced to

incorporate suitable vegetation (deep rooted

grass, shrubs) as added green cover.
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GeoBarrier System

• GBS reduces the coefficient runoff (avoiding

flooding) and prevent erosion during rainfall since

rainwater is directed properly into main drainage via

drainage layer (fine-grained layer) of GBS.
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Locations of Slope with GBS in Singapore

*please refer to confidentiality and copyright notice
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Schematic Diagram of Geobarrier System 
Constructed at Orchard

ASM in Geotextile bag
Fine RCA in Geotextile bag

Surface drain

Surface drain

Impermeable separator

Planting media with turfing
Coarse RCA

Coarse RCA

Fine RCA

ORIGINAL SOIL Compacted soil

Geotextile bag anchorage tail

Geofabric

(attached to the geotextile bag for ASM,

Corrugated & perforated pipe 1

2800 mm length)

Impermeable separator

Gravel

Corrugated & perforated pipe 4

Corrugated & perforated pipe 2

Corrugated & perforated pipe 3

Note: 

(min 1200 mm depth) 

Surface drain

Coarse RCA/ 
Coarse RAP Fine RCA/ 

Fine RAP Fine RCA / Fine RAP in Geotextile bag

Coarse RCA/ 
Coarse RAP
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GeoBarrier System (GBS)
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Detail of GeoBarrier System (GBS)
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FRONT REAR

Geotextile Bag for Planting Vegetation

Patent filed:
Rahardjo, H., E.C. Leong, A. Satyanaga, Q. Zhai, L.H. Wong, H.S. Tan, C.L. Wang. “A Bag, 
System And Method For Using The Same”, Application No. YF2016P00434, 
PCT/SG2016/050470, December, 2016, Singapore.
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Original Site Condition before Construction of 
Geobarrier System

128



3-D View of Geobarrier System and Original Slopes 
at Orchard Boulevard
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Recycled Concrete Aggregate (RCA) used as 
Geobarrier System Materials

Fine recycled concrete 
aggregate

Coarse recycled concrete 
aggregate
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Reclaimed Asphalt Pavement (RAP) used as 
Geobarrier System Materials

Fine reclaimed asphalt 
pavement

Coarse reclaimed 
asphalt pavement
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Grain-size Distribution of Materials used in 
Geobarrier System

Particle diameter (mm)
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Soil-water Characteristic Curve of Materials used in 
Geobarrier System

Matric suction, ua-uw (kPa)
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Permeability Function of Materials used in 
Geobarrier System

Matric suction, ua-uw (kPa)
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Construction of GeoBarrier System for Residual 
Soil Slope at Orchard Boulevard

Jan 2016: Site Mobilization Feb 2016: Construction of GBS 

Mar 2016: Installation of instrumentation May 2016: Planting of vegetation
*please refer to confidentiality and copyright notice
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Construction of GeoBarrier System for Residual 
Soil Slope at Orchard Boulevard

Delivery of materials to site Filling of fine RCA into Geobags

Drain Installation Laying of Gravels
*please refer to confidentiality and copyright notice
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Construction of GeoBarrier System for Residual 
Soil Slope at Orchard Boulevard

Placing of geobags (with tails) Compaction of soil behind GBS

Provision of piping for installation of 
instrumentation

Preparation for drain at crest.

*please refer to confidentiality and copyright notice
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4 m

70o

Overall View of GBS after Construction
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Completion of Geobarrier System Construction

*please refer to confidentiality and copyright notice
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Instrumentation Locations within Slopes with 
Geobarrier System and Original Slope at Orchard 

Boulevard

*please refer to confidentiality and copyright notice
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Instrumentation of GeoBarrier System for 
Residual Soil Slope at Orchard Boulevard

Jet-fill tensiometer
manufactured by 

Soilmoisture (Model 
2725)

ICT tensiometer
transducer (Model 

GT3-30)

Water content reflectometer (Model 
CS616) and data logger manufactured 

by Campbell Scientific

Tipping bucket rain-gaugeEarth Pressure Cell Weather Station141



Installation of Tensiometers

During 
installation 
at Slope

After 
installation 
at Slope

During 
installation 

at Crest

After 
installation 

at Crest
*please refer to confidentiality and copyright notice
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Installation of Soil Moisture Sensors

Installation of soil moisture 
sensors with PVC tube

Installation of soil moisture 
sensors without PVC tube

*please refer to confidentiality and copyright notice
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Installation of Piezometer Transducer

Piezometer 
transducer

Cassagrande 
piezometer

Cassagrande 
piezometer

*please refer to confidentiality and copyright notice
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Installation of Earth Pressure Cell within GBS 
Slope

Vertical direction North-South direction
*please refer to confidentiality and copyright notice
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Installation of Weather Station 

Weather 
Station

Air temperature & relative humidityWind speed 
sensor

*please refer to confidentiality and copyright notice
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Data Acquisition System

Tipping bucket 
rainfall gauge

Data logger

Solar panel

Lightning 
protection

*please refer to confidentiality and copyright notice
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Groundwater Table Variations
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Numerical Model for Finite Element Seepage 
Analyses

*please refer to confidentiality and copyright notice
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Rainfall Variations from 15-Sep 2016 0:00 am to 
22-Sep 2016 23:50 pm
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Pore-water Pressure Variations during and 
after Rainfall for Geobarrier System Slope 2

Date (2016)
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Volumetric Water Content Variations during and 
after Rainfall for Geobarrier System Slope 2
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Comparison of FOS for GBS slope and Original 
Slope during Rainfall Period

*please refer to confidentiality and copyright notice
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GeoBarrier System as part of Sustainable Living 
(from HDB Singapore)

https://www.hdb.gov.sg/cs/infoweb/about-us/our-role/smart-and-sustainable-living/innovations/sustainable-living-page
155



Geobarrier System as part of Sustainable Living 
(from HDB Singapore)
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Construction of GBS in a Housing Project

Planting of different species of 
vegetation 157



Construction of GBS in a Housing Project

Completion of 
planting of 

different species 
of vegetation

Different 
planting species

Water sprinkler

70o
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Construction of GBS in a Housing Project

Completion of GBS
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GeoBarrier System for Community Activities, 
Flora and Fauna

ASM = approved soil mixture
(provide water and nutrients
for plants)
FG = fine-grained soil
(drainage layer )
CG = coarse -grained soil
(barrier layer )
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GeoBarrier System for Green Corridor
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GeoBarrier System for Slopes along 
Highway
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GeoBarrier System for Polder / 
Embankment
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Slope Susceptibility Map of NTU Zone

Distributions of Factor of Safety within NTU zone with the 

assumption of fully saturated slope 164



Slope Susceptibility Map of NTU Zone

Distributions of Factor of Safety within NTU zone with the 

incorporation of unsaturated soil properties 165



Unsaturated Soil for Plant Health and Slope Stability
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Proposed Sensing Technology in this Study

Internet of Things (IoT)

Plant health and 
stability monitoring

Spatial interpolation of soil moisture
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Application of 
Unsaturated Soil Mechanics to 

Tree Stability
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Uprooted Trees in Singapore in June 2010 (Heavy Rainfall) 
Samanea Saman (Raintree)

Effect of Rainfall on Tree Stability
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Wind

Solar 
Radiation

RainfallRainfall

Evapotranspiration

Water 
Infiltration

Air 
Temperature
Relative 
Humidity

SoilRoot

Tree and Environment Relationship
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171

Root plate of Khaya 

senegalensis

Root plate of the air 

spaded Syzygium

grande.



(Rahardjo, et al. 2011)

Reference: Rahardjo, H., F. Melinda, E.C. Leong and R.B. Rezaur (2011). “Stiffness 
of a Compacted Residual Soil”. Journal of Engineering Geology, June, Vol. 120, 

pp. 60–67.
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Laser Scanning for Tree

Processed point cloud of the two trees at Telok Blangah rise 
without background clutter 

2 x Samanea Saman (Raintree)



Laser Scanning for Tree

The same two trees but with the majority of the leaves removed and thus 
highlighting the branch detail

2 x Samanea Saman (Raintree)



ANSYS modelling of raintree

• Fixed support at base of
soil cylinder

• Maximum stresses is at
the branches (shown in
figure)

• 6 Lateral roots

• Wood flexural strength
40MPa

• Wood density 800kg/m3

• Wood Elastic modulus
3GPa

• Soil Elastic modulus 0.5 to
10MPa

5m

Effect of Soil Softening due to Rainfall on Tree 
Stability

10.0m dia. Soil of 5.0 m thickness

Tree 
Height=18.06 m
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Load case 1.1 : Self-weight only

• Yellow arrow denotes the direction of the earth’s
gravity

• The sides and bottom of the soil cylinder are fixed

• Soil E modulus 10 MPa

• Buttress shows stress of about 6.2 MPa
(Compression) 176



• Yellow arrow denotes the direction of the earth’s
gravity

• The sides and bottom of the soil cylinder are fixed

• Soil E modulus 0.5 MPa

• Buttress shows stress of about 38.3 MPa
(Compression)

Load case 1.5 : Self-weight only
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Tree inclination due to reduction in soil elastic 
modulus. 

• For this geometry of tree,

changes in the soil elastic

modulus accounts for less

than a degree of inclination

• Other factors can also

cause higher magnitude

non growth based tree

inclination (e.g. decay

induced reduction of

support.)
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Granite chip

Soil Mixtures for Improving Tree Stability

Top soil
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Grain-size distributions of the granite chip (GC), top soil (TS), and soil mixtures 
of 80% granite chip-20% top soil (80GC-20TS) & 50% granite chip-50% top soil 

(50GC-50TS) based on dry mass
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Soil Mixtures for Improving Tree Stability
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Matric suction, (ua- uw) (kPa)
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SWCCs of the granite chip (GC), top soil (TS), and soil mixtures of 80% granite 
chip-20% top soil (80GC-20TS) & 50% granite chip-50% top soil (50GC-50TS)

Soil Mixtures for Improving Tree Stability
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Axial strain, y (%)
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Soil Mixtures for Improving Tree Stability
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Unsaturated shear strengths of top soil (TS), soil mixtures of 80% 
granite chip-20% top soil (80GC-20TS) and 50% granite chip-50% top 

soil (50GC-50TS)

Soil Mixtures for Improving Tree Stability
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Preparation of field plots at IMM site

Planting holes
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Planting Samanea Saman 
(Raintree)

Preparation of field plots at IMM site
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Pull-out test Samanea Saman (Raintree)

Tree Pulling Exercise conducted by NParks and 
NTU in front of IMM
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Dissemination of Results
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1st Asian Conference on Unsaturated Soil in 
Singapore (18-19 May 2000)
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Seminars on Unsaturated Soil in Singapore

HDB-NTU Seminar 
on Unsaturated Soil 
Mechanics in Nov 

2008 - Keynote Paper 
on Unsaturated Soil 

Mechanics in 
Engineering Practice 

(41st Terzaghi 
Lecture)

MND-HDB-NTU 
Seminar on 

Unsaturated Soil 
Mechanics 

for Sustainable 
Urban Living in 

Feb 2016
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Tan Swan Beng (TSB) Public Lecture Series on 
“Application of Unsaturated Soil Mechanics for 

Environmental Protection and Sustainability ” in 
March 2014 in NTU, Singapore
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A Digital Project, Unsaturated 

Soil Mechanics for Sustainable 

Urban Living in Singapore, is 

now Live!

www.ntu.edu.sg/library/unsaturatedsoil
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Thank you
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