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Slope Failure at Bukit Gombak,

(1989)

Singapore




Slope Failure in Bukit Batok,
Singapore (2006)

'_




Distribution of Rainfall and Slope Failures
during The Month of December 2006 (after
National Environmental Agency, 2006)

Rainfall, December 2006
Ml 1124mm - 1293mm

I:] 984 Mmm - 1124mm

[] 843mm - 984mm

[[] 562mm - 703mm

[T] 464mm - 562mm

@ Slope Failure

MR Marsiling Road JD Jalan Dermawan BBAZ2 Bukit Batok Avenue 2

MD Marsiling Drive JG Jalan Girang CCR Chai Chee Road
PA Purbury Drive BB Bukit Batok TR Thomson Road



Distribution of Rainfall and Slope Failures
during The Month of January 2007 (after
National Environmental Agency, 2006)

Ao 5 10 km

Rainfall, January 2007
M 821mm - 869mm
I:] 676mMm - 749mm
4 =
O [] e04amm -676mm
[ ]
[ ]
[ ]

531mm -604mm

== 464mm - 562mm
A 447mm - 531mm
O Slope Failure
AMS Ang Mo Kio St 21 BBC Bukit Batok Central
JAB Jalan Anak Bukit BBM Bukit Batok (MRT)

CCK Choa Chu Kang Avenue 4



Location of Historical Slope Failures
between 1982-2017 in Singapore

Maximum daily rainfall (1982-2017)
in mm:

[ 200 - 225

B 225 - 250

B 250 - 275

275 - 300
® Location of slope failures between 1982-2017 I 300 - 353




Rainfall-induced Slope Failures
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Climate Change in Singapore
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Annual mean temperature in Singapore from 1948t0 2014
* data based on climate station
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Rapid development and
urbanisation
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Data taken from http://www.weather.gov.sg/climate-past-climate-trends/



Climate Change in Singapore
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SOIL MECHANICS FOR MmN L+ =
UNSATURATED SOILS Soil Mechanics for

Unsaturated Soils

[hngxl D - G#HBEHE] =
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D. G Fredlund G wEE REE mEE OO
H. Rahardjo

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

in Engineering Practice

S
! o i ?".\ - -~ N 4
und, H. Rahardjo, and M. D. Fredlund

ENGINEERING/CIVIL

The definitive guide to unsaturated soil—
from the world’s experts on the subject

Mechanics for Unsaturated Soils, the current standard in the field of unsaturated soils. It

provides readers with more thorough coverage of the state of the art of unsaturated soil
behavior and better reflects the manner in which practical unsaturated soil engineering problems are
solved. Retaining the fundamental physics of unsaturated soil behavior presented in the earlier book,
this new publication places greater emphasis on the importance of the “soil-water characteristic
curve” in solving practical engineering problems, as well as the quantification of thermal and
moisture boundary conditions based on the use of weather data. Topics covered include:

This book builds upon and substantially updates Frediund and Rahardjo's publication, Soil

« Theory to Practice of Unsaturated Soil * Air Flow through Unsaturated Soils
Mechanics * Heat Flow Analysis for Unsaturated Soils

* Nature and Phase Properties of « Shear Strength of Unsaturated Soils
Unsaturated Soil » Shear Strength Applications in Plastic

« State Variables for Unsaturated Soils and Limit Equilibrium

* Measurement and Estimation of * Stress-Deformation Analysis for
State Variables Unsaturated Soils

* Soil-Water Characteristic Curves for * Solving Stress-Deformation Problems
Unsaturated Soils with Unsaturated Soils

* Ground Surface Moisture Flux Boundary » Compressibility and Pore Pressure
Conditions Parameters

* Theory of Water Flow through
Unsaturated Soils

* Solving Saturated/Unsaturated Water
Flow Problems

» Consolidation and Swelling Processes in
Unsaturated Soils

Unsaturated Soil Mechanics in Engineering Practice is essential reading for geotechnical
engineers, civil engineers, and undergraduate- and graduate-level civil engineering students with
a focus on soil mechanics.

D.G. FREDLUND is the author or coauthor of over 460 refereed journal articles, conference
proceedings, technical papers, and chapters in edited collections. In 1993, he coauthored Soil
Mechanics for Unsaturated Soils, the first major text on unsaturated soil mechanics published.
He has served as a research consultant to the Government of Hong Kong, U.S. Army Corps
of Engineers, and Saskatchewan Highways, and presently is head of the Golder Unsaturated
Soils Group, Canada. H. RAHARDJO is head of the Division of Infrastructure Systems and
Maritime Studies at the School of Civil and Environmental Engineering at Nanyang Technological
University in Singapore. He is the coauthor of Soil Mechanics for Unsaturated Soils and over 200
technical publications. M. D. FREDLUND is the President/CEO of SoilVision Systems, Canada, a
geotechnical/hydrological software development and numerical modeling company.

ISBN 976-L-116-13359-0
90000
Also availabie
5 30 0-book
COVER DESIGN: HOLLY WITTENBERG | (

COVER IMAGE & ISTOCKPHOTO.COM/QINGY! 9'781118%1335%0

ewsletter at

wiley.com

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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Separation of Saturated and
Unsaturated Soil Mechanics

RVER S . 7

UNSATURATED SOIL MECHANICS
Negative pore-water pressure

Net normal stress (¢ - U,) ( U,-U,) Matric suction

- \7// Water table

Effective stress(c - U,)

Positive pore-water pressure

SATURATED SOIL MECHANICS
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Unsaturated Soil Mechanics Principle

Two independent stress tensors to represent
the stress state of an unsaturated soil:

(o, ~u,)

Ui

TZX

Ty

T

(D)

Te (u, —uw) 0
T, 0 (ua —uw)
(GZ _”a) i 0 0
_ (2)

0
0

(u, ~u,)

Single stress tensor to represent the stress
state of a saturated soil, i.e., effective stress:

Txy Txz
(0-3’ - uW) Tyz
Tzy (o, — uw)_

(1)
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Soil-water Characteristic Curve
(SWCC)
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Illustration of The Vadose Zone in Soil Layer
(Modified from Fredlund and Rahardjo, 1993)

Variation in Negative
Pore-w ater Pressure

Steady state Steady state
evaporation infiltration
+Qwy Qwy
Cover
1T = E ] Ground surface
V4
Steady state 4\< 4\ P
4]
Unsaturated flow downward //’ =
I ~Qwy =]
Steady state 7 N
flow downward i /(_Grawtauﬂnal 2
Static eq ,/ )
with water table >
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=

7
GROUND WATER TABLE ,/
/7
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Pore-water pressure head distribution




Water Contents in an Unsaturated
Soil?

Equilibrium
negative pore-
water pressure

Water content
or degree of

Ground surface l line l saturation Permeability
Pl = = = = ] - - - -

Cracked, fissured zone | Dryzone | 'y !
___________ |K'_______'_____ ________"____T___K—______:__ __________I':__ __________l
| |

I I
Soil-Water | e |
Vadose or Unsaturated | characteristic Il Pi:;‘iﬁ‘gr']“ty |
Soil Zone Two-phase zone [l curve, swece | l |
| | | |

I I
| |

I I
l l | 1, |
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Coefficient of permeability, k,, (m/s)

(Logarithmic scale)

Relationship between SWCC and
Permeability Function and Shear Strength

Water content, w (%)
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Characterization of
Unsaturated and
Saturated Properties of
Residual Soils in
Singapore
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Soil-water Characteristic Curve Testing

Air pressure
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Rapid Measurement of SWCC

Soil Specimen

' Ring
] / 1. Specimen Holder

" m Filter Paper

\_Drainage Hole
Small-scale centrifuge

Optical sensor

\

Electronic
display

Fan =—=
[ Mirror
Infrared sensor 1
Lzl J Sliding tray .
| L

Dew Point Potentiometer




SWCC test from Centrifuge, Pressure Plate
and WP4C

ALl

® Centrifuge
40

@ Pressure Plate (Drying)

30 ® WP4AC

Gravimetric water content, w (%6)
O

9 W Pressure Plate (Wetting)

20
Best-Fitting Curve for Drying
(Fredlund & Xing, 1994)

i ~Best-Fitting Curve for Wetting
(Fredlund & Xing, 1994)

0 \ T =i
0.01 0.1 l 10 100 1000 10000 100000 1000000

Soil suction, u,-u,, (kPa)

Residual soil from Buangkok Link
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Degree of saturation, S

SWCC of Residual Soils in Singapore

1.2
1.2 1 [ Box plot of 28 sets of Jurong Formation [ Box plot of 25 sets of Bukit Timah granite
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SWCC Parameters of residual soil
parameters in Singapore

Air-entry
Soil
value (kPa)
Sedimentary
Jurong 1to 116
Formation
Bukit Timah
0.81to0 25
Granite
Old Alluvium 5 to 25

Saturated Residual
water suction
content (kPa)
1500 to
0.3 10 0.60
18000
0.211t00.61 106 to 12000
0.24t00.5 421to 12000

Residual
water

content

0.025to
0.100

0.015to

0.098
0.009 to

0.098
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Please submit your expression
of interest to:

Dr Ken Mercer
3rd Rock Consulting, Australia

Australian Centre for Geomechanics
The University of Western Australia
Professor Harianto Rahardjo 35 Stirling Highway (M600)
School of Civil & Environmental Engineering CRAWLEY WA, AUSTRALI A, 6009
Nanyang Technological University, Singapore Phone: +61 8 6488 3300 Fax: +61 8 6488 1130
josephine.ruddle@uwa.edu.au
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Dr Alfrendo Satyanaga

School of Civil & Environmental Engineering With a foreword given by Professor Delwyn G. Fredlund, the leading authority on unsaturated soil mechanics:
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I The guideline forms a seamless means of embracing the saturated and unsaturated zones of the soil profile into a single ar.2ly sis.




Flow law for water (Darcy’s Law):

Unsaturated soil:

Saturated soil:

VW _kW (ud - uw )(a}le
Oy

w

h,=y+

BSIES
oq
N S
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Triaxial Permeameter for Direct
Measurement of Unsaturated Permeability

Triaxial permeameter cell

—Top Cap
Waler compariment ——& | o ~Temperaiure
High aironty — 1 Sengor
coramic disk —Podostal 7~ Cellprossure fransducer
Porous metal—" I g /
Top pore-waler ——— — - .IIl / |-DVPC-03

pressure lransducer
Top flushing e — ,

Boﬂomﬂushinglneaf-/ |
T DVPGuwt
Boltom porevater—

pressure fransducer

L

=< DVPC-uwb ‘\, |
= Pore-air pressure ne
“—Pore-alr pressure lransducer
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Volumetric water content, 0,
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SWCC of Compacted Soil
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Permeability Function of Compacted Soil
(50%sand-50%kaolin)
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Relationship
between SWCC
and permeability
functions

Volumetric water content, Oy

Coefficient of permeability, k,,, (m/s)

0.60 1
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0.50 of desaturation
for coarse-graindd soil

d

0.40 1 |
0.30 1 |
|

|

|

0.20 H
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log(k(y))

Permeability Functions of Residual
Soils in Singapore
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Shear strength:

Unsaturated soil:

r=c'+(u, —u,)tang’ +(c-u,), tang’

c=c'+(u, —u, )tan g’

Saturated soil:

T=c¢ + (o0 —uy,)tan ¢’
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O
Extended Mohr-Coulomb 9‘}
A failure envelope O

Shear stress, 1

Net normal stress, (c—u,)

Extended Mohr-Coulomb failure envelope
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Unsaturated Soil Testing

Top port Loading ram
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Direct shear for unsaturated shear strength 36
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Experimental Values Measured for ¢® of Residual
Soils in Singapore

Location Formation ¢’ (kPa) ¢’ (°) ¢° (°)
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 ) 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
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for Residual Soils in Singapore
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Depth, D (m)

Variations of ¢* Angle for Residual
Soils in Singapore

Angle indicating the rate of increase in shear strength
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Air-entry value (kPa)
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Saturated permeability, k, (m/s)
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Effective Cohesion, ¢’ (kPa)
20
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Spatial Distribution of Effective Friction
Angle

Effective Friction Angle, ¢’ (°)

40
35
30
28
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Development of
High-range Suction
Sensors
and
Assessment of Role of
Unsaturated Soil in Slope
Stability during Rainfall
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Summary of matric suction measurement devices

Suction

Device component Measurement E:quhbnum Manufacturer & relative cost*
range (kPa) time
measured

Jet fill Matric 0-100 Several Soil Moisture Equipment

tensiometer minutes Skye Instruments
Irrometer Co.

Small-tip Matric 0-100 Several Dynamax Inc.

tensiometer minutes Cost: $

Null-type axis | Matric 0-1500 Several hours | Universities

translation — days Cost: $8$

apparatus

Miniature Matric 0-1500 Several Universities

tensiometer minutes Cost: $$

NTU Mini Matric 0-400 Several Universities

Suction Probe minutes Cost: $$

NTU Osmotic | Total 0-1500 Several Universities

Tensiometer minutes Cost: $$
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Low-Range Suction Measuring Techniques

Polyethylené tube

Ceramic tip

N

Small tip tensiometer with jet fill cup for flushing 50



Plastic body tube

Cup tube
assembly

Vent tube

Cup tube
fitting

Water reservoir |5,

Push button
for jet fill action

Pressure Transducer
>
R
wwgger
Water vent screw —
O-ring retainer —

O-ring seal

Small tip tensiometer system for measurement in laboratory
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Water storage tank

Constant level
water tank

Top cover

Soil column

Transducer

Personal computer

Tensiometer

Data logger
Percolation collection

Laboratory set-up of infiltration column
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Elevation, z (m)

Measurements of

0.8

o
o

AN

pore-water pressure
using small-tip
tensiometers in an

X

infiltration column of
fine sand over

—e—t=2d
— —m— t=4d
—a— t=6d
[ —e—1t=10
0.2 - —B=—1t=20
——1=40
. —A—1t=63

o
~

0 ! I

d
d
d
d

,,,,,,,,,,,,,,,,, Soil interface

Y

medium sand

A}

\

-1.0 -0.8

-0.6 -0.4
Pore-water pressure head, h, (m)

-0.2

0.0

53



High - Range Suction
Measuring Techniques

NTU mini suction probe

steel tube

plastic tube

o

3

3
4
=+

NN

7 §§§§§§§§:|:¢2.5mm $58mm|  ¢65mm

wires 0.4 mm -’| |<— \ new high air-entry ceramic disk

0.09-mm-thick diaphragm
glass ring




Triaxial equipment for shearing-infiltration test

Plan view

Soil specimen
Rubber membrane

Silicon rubber grommet

Latex rubber (to seal
the rubber membrane
and grommet)

\

Miniature
pressure transducer

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

Details of mini probe

N
4
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NTU Osmotic Tensiometer Development

Sensor Design and Configurations
:

&

T
ED | @ ]
H

L e

N md €L SN

15.6 mm

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.

Field Installation

Moisture  NTU Osmotic
sensor Tensiometer

— = Depths

0.15m (near surface)
0.5m
1.0m
1.5m

Centrifuge WP4C Potentiometer
Suction range 0 ~ 250 kPa  Suction range 0 ~ 100 MPa

o7



Instrumented Slope

Elevation (m)

40

W
o

N
o

10

Weathered sandstone _
Layer 2 :Clayey Silt (CL)
Layer 1.1: Silty Clay (CL)

Lk -(19'4' = Layer 1.2: Silty Clay (CL)

(10, 37.1) Layer 1.3: Silty Clay (CL) [

(10, 21.1) Groundwater table ¥ (50, 21.1)|

(10, 14.3)

(10, 2) | ‘
1 | | | |
10 20 30 40 50

Distance (m)
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Field Measurements and Numerical Modelling Results

Matric Suction (kPa)

700
- - Results from SEEP/W-- 0.5m
- - Results from SEEP/W--1.5m
600 ; - - Results from SEEP/W-- 1m
My o —4‘ w A NTU osmotic tensiometer results- 0.5m
500 - '\ A NTU osmotic tensiometer results- 1m
g Y | A NTU osmotic tensiometer results- 1.5m
( ===Rainfall Precipitation
400 - I
300
200 -
100 | ‘ |
- _Jh,l._ . . ﬂ i . —dl |
25/09/2019  26/09/2019  27/09/2019 28/09/2019  29/09/2019  30/09/2

Date

RN N N N w w
o O o O o (@)
Rainfall Precipitation (mm/hr)

T
O

0
019
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Locations of Instrumented Residual Soil
Slopes in Singapore (Research Collaboration
between HDB and NTU)

Bukit Timah N
Granite

&7@% .
NTU CS;\

' NTU-ANX |

Sedimentary Jalan Kukoh Kallang Alluvial

i SN Formation
Jurong Formation N Telok

Blangah - 60



Case Studies for Unsaturated Soil

Data
acquisition (b)

sedimentary Jurong Formation
[ ] Bukit Timah Granite
J Old Alluvium

> Notes:

P = Piezometer

A, B, C,D =Tensiometer
Value below each tensiometer
is the depth of tensiometer
“from ground surface (m)

(a) Schematic diagram of relative position and arrangement
ECHNOL%E of on-line monitoring system for Jalan Kukoh and Marsiling

UNIVERSITY  Road slopes, (b) generalized geological map of Singapore61



Field Instrumentations

Push button for

y End cap
W jet fill action

. Cement-
Water reservoir bentonite grout
Compacted fill
— Bentonite seal Standpipe
i Prossure ‘pentontte mix
A+ transducer )
:':1_'__:" HO" r.ing SEE| UppEI’ bEﬁtOl‘llt&

seal

Piezometer tip
Sand fill

Lower bentonite
seal

Bedrock
{ol| [+ high air-entry
== 5. ceramic cup
(a) Jet-fill tensiometer (b) Piezometer (c) Rain gauge
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Field Instrumentations

Sensors from
tensiometers,
piezometers, rain gauge

Visualisation
Access raw data

« Access
proccessed
Sending data  Data store and Data
using GPRS process with processing by
fi Il
Data logger system irewa server
with battery

Typical layout of on-line monitoring system
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Locations of Instruments for On-line Monitoring in
Marsiling Road

Piezoeter B2 Bl
=LA R B4 B3
- ensiometers

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




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.
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Pore-water pressure readings at various depths

20

. . (kPa)
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Total head contours of Marsiling Road site on 16

September 2007
a b)
( )150 ( 150 |
E146 =146
N 5
c 142 =142
= ke
%138 T 138
— (O]
Lu —
134 {Slope at Marsiling Road 11134
16 September 2007-05:08:40
130 130
0 4 8 12 16 20 24 26 32 0 4 8 12 16 20 24 26 32
Distance, x (m) Distance, x (m)
(a) Before rainfall (b) After rainfall
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Locations of Instruments for On-line
Monltorny in Jalan Kukoh

R

Depth of Tensiometers:

A1,B1,C1,D1=0.64 m
A2,B2,C2,D2=131m
A3, B3,C3,D3 =

A4, B4, C4, D4




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

(a) Pore-Water Pressure (kPa) (b)  Pore-Water Pressure (kPa)

40 -30 -20 -10 0 10 20 30 1035'40 =30 20 10 0 10 20 30

| - 3/23/2008 07.09:37
110.5 - - 8/23/2008 10.09:37
-A-  8/23/2008 13.09:37
108.0 1 - 8/23/2008 16:06:37
— — -o- 8/23/2008 19:06:37
£110.0 £ - 8/24/2008 16:06:37
N N 107.5 -8~ 8/25/2008 09:47:07
= -] — Hydraulic pressure line
0 i) —--  Zero pressure line
= 109.5 =
S 5 107.0
(T .
L L
109.0 - 106.5 -
108.5 106.0

(a) Row B
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Total head contours of Jalan Kukoh site on 23

August 2008
(a) 116, (b) 167
114 114 1
E 112 E112
N 110 N 110
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S 1081 21081
@© @©
3 106 3 106
W 104

?
. H 104 -
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102 | Slope at Jalan Kukoh
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23 August 2008-07:09:37

™20 24 6 8101214165 0 2 4 6 8 1012 14 16
Distance, x (m) Distance, x (m)
(a) Before rainfall (b) After rainfall
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Finite element mesh and boundary conditions of

Marsiling Road

(@) 160 1o 3H, 621 mpT 3H, -

70

-30 -20 -10 O

[}

Boundary Conditions:
BC, CD, DE: q = applied flux (rainfall intensity) §2Hs
BH, EI, AF: Q = 0 m%s (no flow boundary)
AH, Fl: h,, = total head at the side

10 20 30 40 50 60 70 80 90 100 110120 130 140 150
Distance, x (m)
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Finite element mesh and boundary conditions of

(b) | —3Hg TE 51'*19 M=t 3H; -
T B Fill Matrlal RL 11587 m" ..
110 W ayer1 = 7 IH _R1t1 74 m

~uinn bl DI ea'”'”gRL 103.18 m

§1gg | Layer 2 GWT f

- Soil Propertles il

m al I Boundary Condltlons —

E gg3HS—Layer1 - Sand; glayey (S;C) itillllsc, co, EF: o B

S -c'=4 kPa, ¢'= 33 (j) 25° it q = applied flux (rainfall intensity) — oH

= 851 Layer2 Sand; clayey (SC) [l gﬁ(’;',@/@( Aow boundary] .

o S m~/s (no flow boundary

3 801 [¢= 0,0 =36, ‘1’ “‘265 U AH, G: h, = total head at the side

L ;g 1 Sedlmen ar%“JHmMrng Formatlon )
65A|||||||||||||||||

Jalan Kukoh slopes
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Hydraulic properties

(a)q? 0.7 Experimental data:
- *  layer 1 (silty sand)-BT
« (.6 = LW |V O layer 2 (sandy silt)-BT
ALY Owm.. N, | A& layer 1 (clayey sand)-JK
05 - SHiIm i&v layer 2 (clayey sand)-JH
\
0.4 - AN

=
o

{Note: =
AEV= Air-Entry - \7\7
0 1 . Value O \Q\O \
"~ |BT= Bukit Timah Granitc ~=:-=.. NI
00 JE = Jurong Formation =~ TR

101 109 10t 102 103 10 10°
Matric Suction, ug-uw (kPa)
Best-fitted SWCC:
— layer 1 (clayey sand) - JF (a=298 kPa, n=0.62, m=1.08, AEV = 50 kPa)
—- layer?2 gclayey sand) - JF (a=65 kPa, n=1.27, m=1.54, AEV =20 kPa
== layer 1 (silty sand) - BT (a=101 kPa, n=0.55, m=1.33, AEV = 15 kPa
== layer 2 (sandy silt) - BT (a=7 kPa, n=5, m=0.7, AEV =3 kPa)
Soil-water characteristic curves of residual soils from

sedimentary Jurong Formation and Bukit Timah Granite

Volumetric Water Conten
o
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Hydraulic properties

(b) 10
5105 Lo L
~— 1 — =L Ll T — |
E10° | X,

q; = | 0-7 {~— Layerl-BT

R (Silty sand)

S ;}:-09 k=6x10" m/s

;g = 107 s Layer 2 - BT (Sandy s11t)\ 3

= 51010 k=33x10" m/s \\

8 S 011 {— Layerl JF (Clayey sand), NI

O 1 \\\
S 10121 k=821x10" m/s N
= 013" Layer2 -JF (Clayey sand), |
~ k 8.21 x 10 m/s

10-0 109 101 102 10 10%  10°
Matric Suction, u,-uyy (kPa)

i NANYANG

TECHNOLOGICAL H H A = u
%‘? UNIVERSITY Permeability functions of residual soils from

sedimentary Jurong Formation and Bukit Timah Granijtg



Table 1 Shear strength properties of soils

Bukit Timah Sedimentary Jurong

Parameters Granite Formation

Silty Sandy Clayey Clayey
sand silt sand | sand Il

Effective cohesion,

¢ (kPa) 9 0 4 0

Effef:tlve ,angle of 34 33 33 36

friction, ¢’ (°)

$P angle (°) 21 26.1 25 26.5

Lozl ety (& 203 1.88  1.84 1.92

(Mg/m?)
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Shear strength versus matric suction

120
£100 ]
= (b) Clayey sand |
;, 30 * ' (Jurong Formgtion) -
=, AEV=50KPa | ) 4=~
S 60 - o //_!,1 0" = 26°
2 ’,/ |
® 40 | A0 L -4 G
2 AEV = | fadh
" 20 IS kPa/_{ ’\(a) Sandy silt
e v (Bukit Timah Granite)
L. 0 .
¢' = 4 kPa T 9=y | |
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Rainfall rate used in the analyses of Marsiling Road

and Jalan Kukoh slopes

o 1 2 3 4 5 6 T 8
Time, t (hours)

_140 mm Jalan Kukoh slope total rainfall:
= 20 rainfall started on 155.2 mm

£ 26 Sep 2008-06:14  \for 5 h )
Eloo - ~— == Marsiling Road slope , ———
< Q0 - i rainfall started on total rainfall:
52 11 March 2008-12:00 | 74-4 mm for
= 60 - 6 h y
£ 40 -

=

2 20 - l
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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:

9, oh 8 oh, oh,,
— k,—" k, — > PLE
OX Ox 8y oy ot
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(a)

150 -
148 -

p—
S N
o =

Elevation, z (m)

138 -
136 -

Pore-water pressure profiles
(b)

Pore Water Pressure (kPa)

-60 5() -40 -30 -20 10 0
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.
N
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ek
I~
=

Elevation, z (m)

140

|
o
coO

156 -

134

Pore Water Pressure (kPa)
-60 50 -40 -30 -20 -10 0 10
""""" | JBLLIL LN LN L LLL L LJLL  BL |
P B, Numerical results:
1—0.64 m depth /. — t=0
1.31 m depth I L0k
—1.31 mde _
136 m depth ——— t=lh
—2.08 m depth —-— t=25h
— — t=4.5h
—— t=5.5h
--— t=6h
Field data:
—o— t=0h
-9— t=06h

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 (=6 h)
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Pore-water pressure profiles
(a)  Pore Water Pressure (kPa) (b) Pore Water Pressure (kPa)

-60 50 -40 -30 -20 -10 O 10 -60 50 -40 -30 -20 10 0 10
//\ lllll """""""""I.. llllllllllllll L > Numerical results:
0.64 mdepth p ./ » ki + _ |
110 | (77 108 |1 ——0.64 m depthg. t=0
1.31 m dept an Cr | e t=2.5h
1.66 m depth _ 1‘3&?32% . . t—sh
E e Damigehly g 5.8 1 denth Field data:
108 t N106 —eo— t=0h
g g —-o—- t=5h
= b=
> >
2 2
=106 | =104
104 102

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) 82



F, =—t

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, F_, calculation is based on
Bishop’s simplified method as the following
equation:

c'BR + <

-

\

b
tan ¢
N—uWB an uaﬁ[l

tan (I)b
tan ¢’

)

> R tan ¢'

—

Aa+ Y Wx -3 Nf
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Factor of safety variations

175 T T T T T T T T T T
% I<— Rain stopped after 6 hours

1.70 ¢ ! i pNBRRREEEECCS
—O- Q== O T T
1.65 4 | c0o—==
2160 X it
2 Min FoS =1.573
< i
@ 195 : atieh -e- Jalan Kukoh slope
S1.50 1 i (rainfall event 26 September 2008)

S -O- Marsiling Road slope

g 1.45 1 | (rainfall event 11 March 2008)
LCT: 1.40 1 le Rain stopped after 5 hours

1.35 1% Min FoS =1.281

1.30 : at30 h o

1.25 +—l—r L L I I

0 12 24 36 48 60 72 84 96
Elapsed Time, t (hours)

BT NANYANG Factor of safety changes of Jalan Kukoh and Marsiling
B UV ERaTy Road sites during infiltration and drying processes on
26 September and 11 March 2008, respectively 84



Preventive Measures for
Rainfall-induced Slope
Failures
using the principles of
Unsaturated Soil Mechanics

85



Horizontal Drain for Controlling of
Groundwater Table

Water table
/ without drainage

[
Zone of rainfall influence,

about 4 meters deep
e % - 2N Potential slip surface
I .;‘J’:’.’:’I_TI'.II?.II.'I_TZ'.T""""*_"""‘ S T T T ,

Horizontal drain

F e

LS TN Surface drain
: ¥ at pipe outlet




Relationship
between SWCC
and permeability
functions

Volumetric water content, Oy

Coefficient of permeability, k,,, (m/s)

0.60 1
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of desaturation
for fine-grained soil

Commencement|
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Capillary Barrier System for Minimizing
Rainwater Infiltration
> ’ N 5

s X ‘ ’
b ) b

- Rainfall , ; o




Preservation of Tumulus Mound using Capillary
Barrier in Japan

Finer layer

Coarser layer

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

P
lu‘“n‘ﬁ' 2

o A

Obtained from http://www.n-kokudo.co.jp/tec_civil/capillary_02.html
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Capillary Barrier System for Minimizing Rain
Infiltration in Royal Family Tombs in Korea
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Historical Development of Capillary Barrier System

Year
1998
2000
2003
2004

2006 -
2015

2010

2012
2013

2015

2015-
2020

(CBS)
Work Reference

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

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

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

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

CBS for slope repair in Bedok (2006), Ang Mo Kio (2009), Rahardjo et al.
Tampines ( 2010), Matilda (2015) (2007), (2012), (2013)
Development of dual capillary barrier (DCB) system using Harnas et al. (2014)

recycled materials
Joint Patent for Modular Cover System (NTU-HDB)

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

Development of GeoBarrier system for slope protection and  Rahardjo et al. (2015)
retaining structure

Use of GeoBarrier system as slope stabilization at Orchard

Boulevard (2015), at NorthShore (2018), Bidadari (2020)
92
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Experimental Set-up of 1-D Capillary Barrier
Model in Laboratory

Water storage tank

Flow regulator\*
Y

Top cover

Constant level
water tank

v

Rainfall simulator

Soil column Constant level

/ water tank

/ Runoff

Sensor/TDR Q

collection

Computer

Data logger \

N[O

——— —., . W L o [t S 15 Unswessm! |

Excess water
collection

Y /

hvd

- —

Percolation collection

Steel base plate

Schematic diagram of the infiltration column apparatus
(Yang et al., 2004)
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Schematic Diagram of The Capillary Barrier Column

A 7 3
@

o Location of
¢ tensiometer tips

45 mm
Fine Sand

100 mm

. 8 mm
Gravelly Sand

47 mm
Fine Sand




Rainfall Tests on Capillary Barrier Column

1.0
0.8 | Fine Sand
&
N 0.6 - fravelly Sand
a
(@)
= §
N 0.4 -
&
= .
0.2 4 Fine Sand
0.0 T T T T
-1.0 -0.8 -0.6 -0.4 -0.2

0.0

Pore-water pressure head, hp (m)

—a— t =
—0— t=1h
—_t:Zh v

—4— t=4h

—e&— t=6h

—o— t="7h

t=9h

(a) Test RF1 (4.9 mm/hr for 9 hr)

Elevation, z (m)

1.0
0.8 | Fine Sand r
v
0.6 - Gravelly Sand
v
v

0.4 - f
0.2 4 Fine Sand
0.0 T T T T

-1.0 -0.8 -0.6 -0.4 -0.2

0.0

Pore-water pressure head, hp (m)

—a— t=0
—0— t=1h

—4— t=1.5h
—4— t=2h

—eo— t=3h
—o— t=4h

v t=6h

(b) Test RF2 (5.8 mm/hr for 6 hr)
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Installation of Time Domain Reflectometry
and Tensiometer Tip
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Elevation, z (m)

—
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| |
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Soil interface z)
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I

Rainfall simulator
Fine sand layer
Gravel layer
Infiltration box
Data acquisition
system
Tensiometer

Runoff / seepage
collection tank

TDR

aboratory model of 2-D Capillary Barrier
Model 98



Schematic Diagram of 2-D Capillary Barrier Model in
Laboratory (Tami et al., 2004)

Rainfall Simulator

S S A _";L_ Y

Section 4 ——————
Section 3

Tensiometer / TDR
Section 2

Flow /seepage
collection

H ::: I." S :
. I_;., - e i f(__f_ Pacad % ,- -:;-;-
I gt e I.;!.;'.I - e %‘ _ ’ i

I e i

‘IE-I_I“' ~ Data Acqu|8|t|on System
7 — o -SumpTank — — j@ -

Digital balance Flow meter 9
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Time (h)
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o
0.0 1 1 1 1 1 | 60 &
~— Fine Sand o

\ Section 2| 49

: et 20

.
| 1 0

Time histories of flux, pressure head and
volumetric water content
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Location of Slope with CBS in Singapore

Legend:
a==| ecmvolocica, 2 Jurong Formation
43} UNIVERSITY{

F35/ UNIVERSITY Bukit Timah Formation
B Old Alluvium 101




Construction of the capillary barrier
system
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I condition

Fina
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Site Overall View at Ang Mo Kio

| eSS E . ST,

Tension crack and shallow failure on 8 Jan 2006

The total area of the slope to be covered with a capillary barrier
system ~ 140 m? 104




Schematic Diagram of Capillary Barrier System at
Ang Mo Kio slope

Capillary Barrier System

Crest 20 Tensiometer
I ' 14 Row A
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Laying of Separator Layer and Top Geocells

i e o

Y _‘.“‘.

/:9- " coarse-grained layer
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Laying of Fine-grained Layer at Ang Mo Kio




Depth of Tensiomets:
A1=0.54 m; B1=0.59 M |
A2=115m;B2=1.20m |

A3=148m;B3=150m [&
A4=205m:B4=210m[ A °

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



Pore Water Pressure (kPa)
3 5 B

0
o

N
L

o

Tensiometer at Depth of 2.0 m

Tensiometer at depth of 2.0 m (Near Slope Crest)

1Jan 08

1 Feb 08
1Jun 08
1 Jul 08

1 Mar 08
1 Apr 08
1 May 08

1Oct 08

[ Daily Rainfall
—&— Tensiometer A8 - CBS without Topsoil
—% - Tensiometer A20 - Original Slope

1 Nov 08

1 Dec 08

1Jan 09

1 Feb 09

1 Mar 09

1 Apr 09

100

Daily Rainfall (mm)
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Caplllar Barrler

Sy tem at Tam mes

{ Green Technology
y using Shrub
(Orange Jasmine)

CBS W|th recycled
concrete aggregate
for coarse grained

CBS W|th
geodrain for
coarse
grained layer

using Grass
(Vetiver)

- TA2 =0.61 m TA3 = 0.67 m
TB1=1.18m TB2=1.23 m TB3=1.29 m
TC1=1.48m

TD1=1.76 m 112

TD2=1.81m TD3=1.84 m




Top soil

Top soil 1
— ' Fine-grained layer 20

Fine-grained

3H Geotextile Y «—Geotextile
Coarse-grained layer Coarse-grained
= RL. 117.08 | (RCA) 20 (RCA)
I ~ [ i
<, S % Top drain / g T gzcug;a(;n 0.65 Secudrain
2 abl L i Residual Soil
% L in .07.07.07 ~28 0 W
— . .0 =4
= }{ _BE-_]_‘I?_-?P_“‘-E_ GWT ¥ 19/1.07, ) 8.55 (b)Unlt. cm
v% —————————————————— : Toe dra No flow
-— g | T - 20°/~_ RL.108.87 (Q=0)
Perfgrated Sl v
= Piezometer 50 drains
T ®
5 Layer 2 i= =i= - o
o 22.55 3H —
= ©
o
All units in meter
(not to scale)
\ A Yy
» No flow (Q=0) =i

(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

-

: .._' Shorter J-pins were pre-installed
‘lt-::'*-—- f for coarse-grained layer of

~ '.-'” | Capillary Barrier System
, -

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

Recycled crushed
concrete aggregate
backfilling for coarse-
grained layer

114



Fine sad R
backfilling for
fine-grained layer |

Laying Geocell for

fine-grained layer
of Capillary

Barrier System
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Factor of Safety Variations for Slope with
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Another Application in a Housing Project




Geobarrier System for Use in Different Slope Angles
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Schematic Diagram of Geobarrier System
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Application of GeoBarrier System

Illll-—

Geobarrier Geobarrier

Wall-free Multi-level Basement Carpark
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GeoBarrier System
* GeoBarrier sytem (GBS) is a retaining structure

iIncorporating 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.

121



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

Legend:

= Jurong Formation
Bukit Timah Formation
B Old Alluvium 193
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Schematic Diagram of Geobarrier System
Constructed at Orchard

Plantmg media with turfing

Coarse RCA/ Fine RCA/ *., Surface drain
Coarse RAP  Fine RAP Geofabnc Fine RCA / Fine RAP in Geotextile bag
Surface drain \ \ \ /ASM in Geotextile bag
[1|I Ef «;‘ﬁ P

; ( ._ F »’ :"‘“f.é

Impermeable sepéfrator \++ + + o+
(min 1200 mm depth) L T LT

Sl

Coarse RCA/ \
Coarse RAP

5 m‘/ 53

s
N o

s

Gl

3

20
.3 e v-: .“:"
Zd T

ORIGINAL SOIL Corrugated & perforated pipe 1

Corrugated & perforated pipe 2

A
{3

W

/Corrugated & perforated pipe 3
S/urface drain

Geotextile bag anchorage tail
(attached to the geotextile bag for ASM,

2800 mm length) >4 i e, ;.
Gravel Impermeable separator

Corrugated & perforated pipe 4 124




GeoBarrier System (GBS)

Geotextile
bag for
fine
RCA/RAP

' Corrugated &
Perforated pipe
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Detail of GeoBarrier System (GBS)

Geogrids connected to ASM bag

B = LIy TISE il - g -
“ . . i v
: 4 o "
O 1 . e . x
& - 3 ¥ t - .

< 150 cm - “« 150 cm
(a) Fine material bag (b) ASM bag with geogrid tail
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Geotextile Bag for Planting Vegetation
Tendon

TSI TITTRS
[t H‘}

T
R “\ A0

Planting Heavy y uﬂ ,
Pockets Duty R
FRONT REAR
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

| Notes:
Slope 1 = GBS with fine RCA over coarse RCA
Slope 2 = GBS with fine RAP over coarse RAP
Slope 3 = GBS with fine RCA over coarse RAP

% Slope 4 = Original slope without GBS
R —— op (VA A e o & Y ""‘;._l:-j'f-. T
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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 Coarse recycled concrete
aggregate aggregate
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Reclaimed Asphalt Pavement (RAP) used as
Geobarrier System Materials

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

Geobarrier System

Gravel
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90

7N A 4
A

P

\y

Sand
Coarsel Medium |  Fine
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70 4
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30
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0 L—

102
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Soil-water Characteristic Curve of Materials used in
Geobarrier System

ASM

Fine RAP - Lab data
Gravel - Lab data
Best fitting

0.60 T
0.55 1 coarse A ASM-Lab data
0.50 + |RCA @® Coarse RCA -Lab data
) - Coarse B Fine RCA - Lab data
045 4 RAP v Coarse RAP - Lab data
4
*

L |Gravel

Fine

Volumetric water content, 0,
o
W
o
|

10-2 101 10° 101 102 103 104 10° 106
Matric suction, u_-u , (kPa) 133
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Permeability Function of Materials used in

Geobarrier System

1e+0 ———
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1e-1 Gravel >\ | k,=4e-3mls
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e ol s s o i g
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X4 o \ N FineRCA | il
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Construction of GeoBarrier System for Residual
Soil Slope at Orchard Boulevard

Feb 2016: Cohétructio of BS

e ) e s

Mar 2016: Installation of instrumentation May 2016: Planting of vegetation
*please refer to confidentiality and copyright notice



Construction of GeoBarrier System for Residual
Soil Slope at Orchard Boulevard

Delivery of materials to site Filling of fine RCA into Geobags

=) ,, . = k L |
. 2 L%

Drain Installation
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Construction of GeoBarrier System for Residual
Soil Slope at Orchard Boulevard

-3 = ¥ - o
‘ % : Wik

Compaction of soil behind GBS

Provisioh;l of piping for i'hstéllatibn(;o} |
instrumentation
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Overall View of GBS after Construction




Completion of Geobarrier System Construction

r

W N

*
N

A

W

Notes:

Slope 1 = GBS with fine RCA over coarse RCA
Slope 2 = GBS with fine RAP over coarse RAP
Slope 3 = GBS with fine RCA over coarse RAP

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

S
== TensioMeter (TM) {; SoilMoisture (SM) . EarthPressure (EP)
== RainGauge (RG) ",Q!; ez t ‘== SoilTemperature (ST) E W
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N TM2/SM2 ‘{ui
(0S) wir
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IR | e
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RIS Y
v
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(51) (S2) wwww
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-
S Ws1
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Instrumentation of GeoBarrier System for
Residual Soil Slope at Orchard Boulevard

Jet-fill tensiometer ICT tensiometer Water content reflectometer (Model
manufactured by transducer (Model CS616) and data logger manufactured
Soilmoisture (Model GT3-30) by Campbell Scientific

2725)

b | |

HE
|
Earth Pressure Cell Tipping bucket rain-gauge Weather Station 41




Installation of Tensiometers

During |  After During After
Installation installation iInstallation Installation
at Slope at Slope at Crest at Crest

142
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Installation of Soil Moisture Sensors

Installation of soil moisture Installation of soil moisture
sensors with PVC tube sensors without PVC tube

143
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Installation of Piezometer Transducer

Cassagrande -
v plezometer

Piezometer
transducer

i)
- " l‘

; _ N | ‘;‘ \~ :
£ Cassagrande g = ‘\.g
' piezometer ‘ G P
- S T A
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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

Wind speed Air temperature & relative humidity
sensor

Weather
Station

146
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Data Acquisition System

| Solar panel | .
!' . ‘ ' Lightning

protection

/ T|pp|ng bucket
ralnfall gauge

- ‘. ‘..'
- ™ L WY
!z 'l - A P - y » "

. “.P,.“.: L . e 'w," -3 .-
M\z ‘” S L P o ,2 P =
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i 7 2800 : /
- Rain «— >
o 1100
S Surface D i
— urface Drair—— : et
ﬁ \ Crest ASM inside geobag
A A HE o A
Fine-grained .
Material inside geobag
H=4000
A _
§ SMi.SM2_... = Coarse-grained
" Residual soil material
Legend: . T:“T““““ﬁa
PM= piezometer QIPACLEC 2ol 652
N/ £ i
i TM= tensiometer _ Ty T T Surface Drain :
SM= soil moisture sensor Geogrid Toe |
FM= flowmeter reinforcement i
EPC= earth pressure cell
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* —— FM1  Residual soil
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Elevation crest (m)

Groundwater Table Variations

T
Rainfall
0 ! 4
1 | 3
-o-Crest —o—Toe )
2 2
3 1
4 038
5 1'e
-
64 9 2 ‘g
7 3 2
8 4
9 Ground water Table (distance from ground surface) 5
10 6
Jul-16  Aug-16  Sep-16  Oct-16  Nov-16 Dec-16 Jan-17  Feb-17 Mar-17 Apr-17 May-17 Jun-17

Date
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Numerical Model for Finite Element Seepage

Analyses
3Hs - 3Hs
_ ’* ASM
TC Compacted residual solil Fine RAP
Geo-grid Coarse RAP L.
. . . 3
0 Insitu residual soll ’m
% b B T Tl T SRS e s = = g
Boundary conditions: )
cd, de, ef: applied flux g (rainfall intensity) &
be, fg: applied Q=0, with potential seepage face review
ab, gh: applied constant total head H.
1 3 |Hw=2.53 meters h Y
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Rainfall Variations from 15-Sep 2016 0:00 am to
22-Sep 2016 23:50 pm
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22-Sep-16
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Pore-water Pressure Variations during and
after Rainfall for Geobarrier System Slope 2

kot I 20

-60 80

- 75

-50 - - 70

= - 65
%_40 | TM1-Analysis | gg %
o TM1--Measurement L 50 E_
7 TM2-Measurement TM2-Analysis >
7)) '30 B 45 "=
)
£ 40 S
wid
g -20 = . mrfTE 35 £
9 —
S Erex mmmmmu-m_grgm..uﬂﬂ..ﬂaamm.ﬂgﬂ.@_m.mama (g el DL sy 30 S
S TS O s s _ _ =
2 -10 ; TM4-Measurement TMa-Analysis 25 S
no- (14

o WWW ' 15
°] - 10
TM3-Analysis TM3--Measurement s
10 :

+ T T T T T T T - 0
15 Sep 16 Sep 17 Sep 18 Sep 19 Sep 20 Sep 21 Sep 22 Sep 23 Sep

Date (2016)
152

*please refer to confidentiality and copyright notice



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
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GeoBarrier System as part of Sustainable Living
(from HDB Singapore)

Residential Community Business Car Parks e-Services @ login Q

HOUSING &
DEVELOPMENT
BOARD

A Maintenance SingPass/ CorpPass has scheduled maintenance works from 12:00am to 9:00am on 3 Nov 2019, Sunday. HDB e-Services requiring SingPass/
CorpPass authentication will not be available during this scheduled maintenance period.

ABOUT US a
i » X
b . g o ™ B 2

Home > AboutUs > QurRole > Smartand Sustainable Living > Innovations > SHARE

HEE

Precast Technology
Sustainable Living

Urban Greenery

Sustainable Living

HDB aims to provide residents with greener and more sustainable neighbourhoods by implementing resource-efficient innovations.

Sustainable Living

Dual Bicycle Rack System

The Dual Bicycle Rack System optimises space by holding 2 bicycles within the same area required by a typical rack, ~

creating neater and safer corridors.

Geobarrier System

The GeoBarrier System (GBS) aims to optimise land use in Singapore and minimise the use of concrete.
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Geobarrier System as part of Sustainable Living
(from HDB Singapore)

Geobarrier System o

The GeoBarrier Systemn (GBS) aims to optimise land use in Singapore and minimise the use of conarete.

With continuous urbanisation and development, Singapore faces increasing land constraints and a growing reliance on the use

of concrete. Concrete has a large carbon footprint, and contributes up to 5% of annual global CO3; production.

The GeoBarrier System (GBS) aims to optimise land use in Singapore and minimise the use of concrete through its 2 main

functions: Earth Retention and Slope Stabilisation.

The GBS’ earth retaining capability allows it to stabilise steep slopes and free up additional land by:

= Optimising designs of underground structures for multi-level basement car parks and within undulating terrains
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« Minimising rainwater infiltration to maintain slope stability



Construction of GBS in a Housing Project

Planting of different species of
vegetation 157



Construction of GBS in a Housing Project

TR

Water sprinkler

/L

Completion of
planting of
different species
of vegetation

; lefefent
I planting species

e
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Pr

Completion of GBS

Construction of GBS in a Housing
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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)

u-r'—\ Drainage to
collection tank

ooooooo
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GeoBarrier System for Polder /
Embankment

¢

)
b
3
: i Y
IIII il'..' .-'II i ;

o
a
']
J
*
o]
; .

" A F
- _..l. F ,.'Ir y

Fa "f

r'.'l

Jrl

n kil
' 4
||

.1'
/8
'r ‘

o TN ".ll.

|I | X
| i i i,
= —a '_-_“-!.'
L
et

163



Natural slope

without protection — & A ; o _”,' Natural slope
N i) without protection

Factor of safety

<15
!:]:>1.5

Distributions of Factor of Safety within NTU zone with the

assumption of fully saturated slope 164




Slope Susceptibility Map of NTU Zone
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Unsaturated Soil for Plant Health and Slope Stability

Water content (m®/m?3)
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Wr: stored soil water
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AProposed Sensing Technology in this Study
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Application of
Unsaturated Soil Mechanics to
Tree Stability
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Effect of Rainfall on Tree Stability

Uprooted Trees in Singapore in June 2010 (Heavy Rainfall)
Samanea Saman (Raintree) 169
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Root plate of the air
spaded Syzygium

grande.

Root plate of Khaya

senegalensis



Variation of Soil Young's Modulus with Matric
Suction and Net Normal Stress for Bukit Timah

Granite

© 15000 ©
£ 10000 =
4 5000 A
E 0 20 &
© O o o “
§ AR 7 3 9 o 10 =
R ~ o & o £
) S 4 o
: -2
o Matric suction (KPa) g
'©

n 0-5000 5000-10000 10000-15000

‘7 — 0.69 fy — 0.18 (e —u M —u Y\ 0.99| .
E:EJU.EP;,(M) +92.3:{.,(u) + 189, (<= alla “W'j (Rahardjo, et al. 2011)
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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

2 x Samanea Saman (Raintree)

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



Laser Scanning for Tree

2 x Samanea Saman (Raintree)

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



Effect of Soil Softening due to Rainfall on Tree
Stability

 Fixed support at base of

ANSYS modelling of raintree soil cylinder
« Maximum stresses is at

the branches (shown in
figure)
« 6 Lateral roots

« Wood flexural strength
40MPa

 Wood density 800kg/m3

e Wood Elastic modulus
3GPa

 Soil Elastic modulus 0.5 to
10MPa
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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

e Buttress shows stress of about 6.2 MPa

(Compression) 176



Load case 1.5 : 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 0.5 MPa

 Buttress shows stress of about 38.3 MPa
(Compression) 177




Flexural Stress (MPa)
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Soil Mixtures for Improving Tree Stability

Granite chip Top soil
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Soil Mixtures for Improving Tree Stability
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(50GC-50TS) based on dry mass
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Soil Mixtures for Improving Tree Stability
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Soil Mixtures for Improving Tree Stability
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Soil Mixtures for Improving Tree Stability
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granite chip-20% top soil (80GC-20TS) and 50% granite chip-50% top
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Preparation of field plots at IMM site

Planting holes
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Preparation of field plots at IMM site

Planting Samanea Saman
(Raintree
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Tree Pulling Exercise conducted by NParks and
NTU in front of IMM

Samanea Saman (Raintree)

Pull-out test
186



Dissemination of Results
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1st Asian Conference on Unsaturated Soil in
Singapore (18-19 May 2000)

FROM
THEORY
TO
PRACTICE

1819 May 2000
Singapore

"~

+ 1

Y\SiAN CONFERENCE ON UNSATURATED
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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)
/U @ggggi%%ﬁENT "w(AHI\Vl‘O‘I/OA(E(\i"
UNSATU RATED SOIL SINGAPORE BOARD \%ﬁi UNIVERSITY
MND-HDB-NTU ECHANICS FOR
Seminar on URBAN Capillary Barrier as a Slope
Protection

Unsaturated Soil
Mechanics
for Sustainable
Urban Living in
Feb 2016

Presented by
Professor Harianto Rahardjo

School of Civil and Environmental Engineering
Nanyang Technological University
Singapore

Seminar on Unsaturated Soil Mechanics for Sustainable Urban Living
(25 Feb 2016, Singapore)
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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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Unsaturated Soil Mechanics for
Sustainable Urban Living

mpact of Climate Change

An NTU Digital Project

u Soil ics for

Research @NTU on Unsaturated Soil Mechanics for Sustainable Urban Living in Singapore

Singapore is located in a tropical region where abundant rainfalls and high temperatures provide conditions for rapid and thorough
insitu chemical and mechanical weathering of rocks. The active weathering process gives rise to deep residual soil profiles. In tropical
regions, residual soils commaonly exist in an unsaturated state with negative pore-water pressures. The negative pore-water
pressures contribute addiional shear strength to the unsaturated soils. Numerous studies have indicated that many slopes often fail
during and afier periods of heavy rainfalls in Singapore. Trees alse tend to be overturned under similar conditions. Infiltration of water
into ihe soil occurs during rainfall, reducing negative pore-water pressures and reducing the shear strength of the soil. The end result
is the failure of ma iopes and the uprooting of trees during heavy rainfalls. The assessment of stability of slopes and trees needs
1o take into consideration the mechanics and properties of unsaturated soils and the flux boundary conditions related to the imposed
climate {i.e., rainfall infiitration, evaporation and transpiration across the ground surface). The application of unsaturated soil
mechanics to geatechnical engineering is generally considered to be beyond classical soil mechanics and it is usually ignored by
engineers. Unsaturated soil mechanics is becoming increasingly important as engineers become aware that global climate change
concems can be taken into consideration when analyzing the dynamic inter-action between the environment and near-ground-
surface soils.

As Singapore maves towards a mare liveable, and more sustainable city, carefully planned and executed research must be carried
out to optimise land and resource utilisation. Over the past two decades, the School of Chil and Environmental Engineering (CEE) at
U has embarked on several collaborative research projects which have attempted to provide state-of-the-art solutions to overcome
problems imposed by inter-actions with the environment and the environmental changes and resource limitations. The cutting edge
research in unsaturated soil mechanics conducted @ NTU has been a major contributor to the realization of the sustainable city
blueprint for Singapore in facing challenges associated with global climate changes.
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