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Graphical abstract Abstract

A landslide in residual soil normally occurs immediately after heavy rainfall.
0.18 Previous studies have shown that decrease in matric suction during rainfall
02 decreases the shear strength of soil and results in landslides. One of the factors
that contribute to infiltration of water into soil is permeability of the soil which

022 ==l varies with depth. The variations of permeability can either prevent or allow
024 n water to infiltrate into deeper soil layer. Therefore, the aim of this study is to
' !t detfermine the suction distribution in a two- layered residual soil system with
0.26 | variable permeability function using laboratory physical slope model. The Ksat for
a Grade V varies from 5.11 x 104 m/s for relict joint of 100 mm spacing to 5.40 x 105
UES I m/s for relict joint of 300 mm spacing. Meanwhile the Ksqt for Grade VI represent
',53 C Grade VI without burrow holes, 5.00 x 107 m/s and Ksat with burrow holes, 6.98 x
-3 0 104 m/s. The infiltfration tests were conducted for 12 series of experimental
Q%Z n program. The suction distribution due fo variations of permeability and rainfall
034 d intensity were detfermined. The results illustrated that suction distribution
' it responded in various ways depending on permeability of the layered soil and
036 i also the rainfall intensity.
038 2 Keywords: Suction distribution, residual soil, permeability, rainfall intfensity
04 ;
042 S Abstrak

1214 16 18 20 22 24 26 28 30 32 Kejadian tanah runtuh di tanah baki biasanya berlaku selepas hujan lebat. Hasil

Suction (kPa) kajian yang dilakukan oleh penyelidik sebelum ini, merumuskan bahawa
sedutan matriks berkurangan semasa hujan, dengan itu mengurangkan
kekuatan ricih tanah dan menyebabkan tanah runtuh berlaku. Salah satu
faktor yang menyumbang kepada penyusupan air ke dalam tanah adalah
kebolehtelapan. Di samping itu, kebolehtelapan tanah baki adalah berbeza
dengan kedalaman. Variasi kebolehtelapan ini mencegah atau membenarkan
air untuk menyusup masuk ke dalam lapisan yang lebih dalam. Oleh itu, fujuan
kajian ini adalah untuk mengenal pasti taburan sedutan bagi dua lapisan
sistem tanah baki dengan ciri-ciri kebolehtelapan yang berbeza pada
bahagian atas dan bawah. Nilai Ksot bagi Gred V berubah dari 5.11 x 104 m/s
bagi kekar dengan jarak100 mm hingga 5.40 x 10> m/s bagi kekar dengan jarak
300 mm. Sementara itu, nilai Kot bagi Gred VI mewakili nilai Gred VI tanpa
lubang sarang , 5.00 x 107 m/s dan Kswt dengan lubang sarang, 6.98 x 104 m/s.
Ujian penyusupan felah diadakan untuk 12 siri program eksperimen. Variasi
kebolehtelapan dan juga taburan hujan telah dilakukan unfuk memantau
taburan  sedutan  dalam  kedua-dua lapisan  tanah. Keputusan
menggambarkan bahawa taburan sedutan bertindak balas dalam pelbagai
cara berdasarkan lapisan kebolehtelapan dan juga taburan hujan.

Kata kunci: Taburan sedutan, tanah baki, kebolehtelapan, taburan hujan
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1.0 INTRODUCTION

Rainfall-induced slope failure are common problems
in many fropical area covered by residual soil.
Although, many factors contribute to this type of
failure, they can however be classified into infrinsic
and external factors. The main intrinsic factor is
hydraulic conductivity properties of the soil or
saturated coefficient of permeability (ksat). While the
external factors mainly refer to climatic condition
such as rainfall intensity and duration.

Weathering process resulted in decomposition of
rock to grade VI (lateritic layer) and grade V
(saprolitic layer) which is often referred to residual
soil. Hence, residual soil properties varies with depth
[1]. In addition, many activities such as root plant, soil
fauna, burrow hole, etc. occur within the grade Vi
soil layer and increases the permeability in this layer
[2-4]. However, the grade V soil layer is
characterized with the existence of relict structures
which also increases the permeability of this soil layer
[5]. Therefore, these factors conftribute to
discrepancy in permeability and hence suction
distribution between the two soil layers.

Previous studies such as [5-9] have discussed on
suction distribution in a two-layered residual soil and
concluded that capillary barrier effect exist between
upper and lower soil layers. However, from the
previous studies, the combined effect of factors that
affect permeability in grade V and grade VI as
outlined before and the corresponding suction
distribution in both layers are yet to be explored.
Therefore, the aim of this study is fo determine the
suction distribution in a two-layered soil system with
variable permeability properties due to the effect of
factors described above. The study was conducted
through laboratory experimental approach using
laboratory physical slope model. The selected soil
samples were prepared in the slope model and
subjected to various rainfall patfterns through a
rainfall - simulator. The corresponding suction
distributions were monitored through a data logger
which is part of the laboratory set up.

2.0 METHODOLOGY

The study commenced with identification of sail
properties for the two-layered soil system. Soil sample
was sourced from Balai Cerapan, UTM, Skudai.
Previous study performed in this area had concluded
that the area is covered by residual soil that have
different soil profiles with depth [10].

The physical modelling or infilfration test was
conducted using infiltration model, rainfall simulator,
measuring sensors and data logging and acquisition
system. The Infilfration model was 1000 mm in length,
300 mm in width and 800 mm in height. The frame of
the model was made of stainless steel and the
sidewalls were made from acrylic sheet of 5 mm
thickness. As shown in Figure 1, the acrylic sheet
allows visual observation of water movement in the
layered soil during infiliration tests. Three types of
boundary condition were applied to the infiltrafion
model, i.e. zero-flux boundary at both side walls, a

unit hydraulic gradient flow at bottom of the model
and at foe of the slope, while an outlet was located
at the fop of the model fo create no-ponding upper
flux boundary during festing.

Figure 1 Infiltration model box

The rainfall simulator consists of rainfall simulator
frame and outlet valves. The frame was 1200 mm in
both length and width with adjustable height. Parts
of the rainfall simulator set up are water tank and
motor. The water tank supply water to the rainfall
simulafor while the motor swings the outlet valve to
distribute the simulated rainfall equally to the entire
area of the infiliration model. The rainfall intensity
used in this study was determined from the recorded
field data. As suggested by [11], about 70% of the
total rainfall was applied as infiliration, while the
remaining 30% is assumed to be surface runoff. The
initial suction condition was assumed to be the
suction value corresponding to the residual water
content from the soil SWCC [10]. Two main dataq, i.e.,
suction distribution and run off data were recorded
during the infilfration test.

Tensiometers and runoff collector were used as
insfrumentation during the infilfrafion tests. The
tfensiometers were connected fto the pressure
fransducer and from the tfransducer to the data
logger for automated data recording. The purpose
of the pressure transducer is to convert the data
from Ohm to kPa. Table 1 shows the experimental
program used in this study.

Table 1 Experimental program

Slope Rainfall
Soil Configuration | Angle Intensity Time
() (m/s)

Exp.
No

Sandy silt underlain
by silty

la | gravel with RJ 18
spacing of 100 mm

1.7196 x 105 1
hour

Sandy silt underlain
by silty . 24
gravel with RJ 18 1.7694x10 hours

spacing of 100 mm

Sandy silt underlain
by silty 4260 x 107 7

gravel with RJ days
spacing of 100 mm

Sandy silt underlain
by silty

1d Gravel with burrow 18
hole and RJ
spacing of 100 mm

1.7196 x 105 1
hour

Sandy silt underlain
le | bysilty 18
Gravel with burrow

24

1.7694 x 10-¢
hours
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hole and RJ Liquid Limit (%) 53.2 59.3
spacing of 100 mm Plastic limit (%) 35.5 31.9
Sandy silt underlain Plasticity index 17.7 27.4
by silty - Moisture content (%) 32 32
. 4.260x 10 7 — -
1f | Gravel with burrow 18 days Specific Gravity, Gs 2.63 2.65
hole and RJ Bulk Density (kg/m3) 1805 1415
spacing of 100 mm Dry Density (kg/m3) 1366 1080
Sandy silt underlain ksat (M/s) 3.68 x 10 50x107
by silty 1.7196 x 105 1
2a . 18
gravel (RJ spacing hour
300 mm)
Sandy silt underlain - . . .
by silty ) 24 The results of the infiliration tests performed in this
20 gravel with RJ 18 17694 x 10 hours study are presented in following sub-sections. Firstly,
spacing of 300 mm the results explained the suction distribution due to 1-
Sandy silt underlain hour rainfall intensity for all layers, and then followed
oc | Pysilty 18 4.260x 107 7 by suction distribution due to 24-hour rainfall intensity
gravel W'”};‘ RJ days and finally the suction distribution due to 7-day
;pocémg”o 330 rlnm rainfall intensity. Only suction distribution measured
anay st underiain at the middle of the slope model were presented
by sity 1.7196 x 10 1 i itions (i
2d | Gravel with burrow 18 . our because the suction measured at other positions (i.e.
holes and RJ v the crest and toe) of the slope model were almost
spacing of 300 mm identical to each other. Finally, the effect of
Sandy silt underlain variation of permeability on suction distribution was
by silty o4 also presented and discussed in this section.
2e | Gravel with burrow 18 1.7694 x 10¢
hours
holes and RJ
spacing of 300 mm 3.1 Suction Distribution due to 1-hour Rainfall

RJ - Relict joint

The permeability values (ksat) for Grade V and
Grade VI soil used in this study are tabulated in Table
2. The permeability value for each layer is

intensity

Figures 2 and 3 illustrate the suction distribution in a
two-layered soil profile with relict joints in Grade V soil
layer. The relict joints are of 100 mm and 300 mm
spacing, respectively.

defermined using modified permeability test
conducted in the laboratory and a maximum and o018
minimum value was selected for this study. The 02 L Initial
infiltration tests were performed on 18° slope 022 - Grade | condition
inclination because the slope angle is not the main 024 v )
parameter tested in this study. o T 2omin
E’ Dozi w30 MiN
g 032 40min
Table 2 Permeability properties for each layer 034 )
036 —#—50min
T 0.38 — 60 mi
Soil layer Saturated permeability, o E min
Ksat (m/s) 042 -
Si“y gravel (grade V) 12 14 16 18 20 22 24 26 28 30 32
Relict joint of 100 mm spacing 5.11x 104 Suction (kPa)
Relict joint of 300 mm spacing 5.40 x 105 (a)
Sandy silt (Grade Vi) 018
Without burrow holes 5.00 x 107 02 ——/- —a— Initial
With burrow holes 6.98 x 104 022 +— 7 / condition
024 1 —d— 10 min
_ 026 #7@ Grade [ ——20min
E 0.28 Vi —_— .
3.0 RESULTS & DISCUSSION £ 03 —5.< 2 T—30min
2 g-ii S Grade | 40min
The properties of Grade V and Grade VI soil of Balai 036 | x Vo e somin
Cerapan are shown in Table 3. These properties are 038 )
. . . . 60 min
in good agreement with those obtained by previous 04
researchers such as [12-14]. 042 T
6 8 10 12 14 16 18 20 22 24 26 28 30
Suction (kPa)

Table 3 Properties of Grade V and Grade VI residual soil

Composition Grade V Grade VI
Gravel (%) 48 0

Sand (%) 15 33
Silt (%) 20 34
Clay (%) 17 33

(b)
Figure 2 Suction distribution due to 1-hour rainfall in a two-
layered soil with relict joint of 100 mm spacing in Grade V
soil (a) Grade VI without burrow hole (b) Grade VI with
burrow hole
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The Suction distribution in the Grade VI soil layer
without any burrow holes shows similar frend of
suction distribution for both 100 mm and 300 mm
relict joint spacing. The variation in the suction
distribution occurred at the upper grade VI soil layer
and af the interface of the two soil layers. However,
the suction remained unchanged in the grade V soil
layer. A significant variatfion in suction distribution is
observed due to relict joint spacing. The variation
due to 300 mm relict joint spacing was higher than
that of 100 mm relict joint spacing. For 100 mm relict
joint spacing, the suction in the grade VI residual soil
layer changes from 24 kPa at the beginning of the
rainfall infiltration to 13.23 kPa at the end of 1-hour
rainfall. However, for the 300 mm relict joint spacing,
the suction changes from 24 kPa at the beginning of
rainfall to 6.4 kPa after 1-hour rainfall. Similarly, at the
interface of the two sail layers, the suction changes
from 30 kPa to 26.33 kPa and from 17.13 kPa fo 8.8
kPa for 100 mm and 300 mm relict joint spacing,
respectively. These variations in the suction
distribution clearly shows that 100 mm relict joint
spacing without burrow hole in the grade VI soil layer
hold more water compared to 300 mm relict joint
spacing without burrow hole. This may be attributed
to the difference in permeability when a burrow
holes are considered. The permeability is higher for
100 mm spacing (i.e. about 3 orders of magnitude)
compared to 300 mm spacing (which is about 2
orders of magnitude).

0.18
02 A —a—Initial
022 — condition
0.24 =10 min
026 \ / /// =20 Min
E 028 ————
= 30min
£ 03 B
o .
g 032 — w40 min
0.34
036 // / =50 min
0.38 % 60min
04 )
0.42

— — T )
4 6 8§ 10 12 14 16 18 20 22 24 26
Suction (kPa)

(a)

0.18
0.2 - ——nitial
0.22 - condition
024 w10 min
0.26 /A4 A . "
0 7 ==20min
Z o8 y / A\N
£ 03 1 o—=30min
o
g 032 —— s A0) N
034 ——
0.36 ~—@—50min
038 4 %% Z 60 min
0.4
0.42

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Suction (kPa)
(b)
Figure 3 Suction distribution due to 1-hour rainfall in a two-
layered soil with relict joint of 300 mm spacing in Grade V
soil (a) Grade VI without burrow hole (b) Grade VI with
burrow hole

With  burrow hole been considered, the
breakthrough (i.e. infiliration of water into the lower
grade V soil layer) occurred at 60 minutes for 100
mm relict joint spacing. However, it occurred at 50

minutes for 300 mm relict joint spacing. At early stage
of ftesting the suction distribution remained
unchanged for about 40 minutes for 100 mm relict
joint spacing while for 300 mm relict joint spacing,
the suction responded to the infiliration about 10
minutes from the beginning of the experiment. The
suction recorded at the end of 1 hour rainfall
duration is about 5 kPa for both cases. This shows
that the top layer almost achieved full saturation
condition at the end of testing period (i.e. 1 hour).
This may be because of the existence of burrow hole
which holds the water in the upper layer as shown in
Figure 4. At the end of testing period, the soil was
carefully excavated to investigate the water flow in
the soil. The visual observation shows that the water
filled up the holes.

Figure 4 Infilirating water hold in the burrow hole

3.2 Suction Distribution Due to 24-hour Rainfall
intensity

Figures 5 and é show suction disfribution for the 24-
hour infiltration test.

0.18 === |nit. Con.
02 4] ——1h
022
024 —#=2h
026 —3h
e o
§052,§... FFFPFTTTTTTTITTY ) TP STTT T
034 —o—6h
036 — —=—10h
038 ——
RN RN A v7 .
0.42 . : : : : 20h
5 10 15 20 25 30

24h

Suction (kPa)

(a)
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O;'g | N w N —#— Init. Con.
PR i) el ——1h
0.24 ﬂ / / — )
. v/ /
_ 0326 \ 7 —3h
E o028 ah
£ 03 m4
%032 AN —®=5h
S 034 S~ —#—6h
036 \Q\ ——10h
0.38
\ ~ > 15h
0.4
042 1 1 I I . ) 20h
0 5 10 15 20 25 30 24h
Suction (kPa)
(b)

Figure 5 Suction distribution due to 24-hour rainfall in a ftwo-
layered soil with relict joint of 100 mm spacing in Grade V
soil (a) Grade VI without burrow hole (b) Grade VI with
burrow hole

0.18 == |nit. Con.
02 A¥.4 N A

022 I ’\ rn —&—1h

024 \ I/ ——2h

026 | \ - —s

028 +— ah
0.3 9 = h
0.32 | 5

036

Depth {m)

038 1 15h
0.4 3
0.42 . . . | : 20h
0 5 10 1 20 25
Suction (kPa‘i 24h
(a)
0.18 === |nit. Con.
02 . ¥ & h
i ——1
0.22 / N
0.24 / AN —2h
0.26 ,/ \\ —+—3h
E 028
~— | i /] h
-‘E- 03 = :.ﬁ h
@ 032 - ——5
a \, / ‘
034 \C 4 ——6h
0.36 | \ / 10h
0.38 |
04 | < §|€ ¢ ——15h
0.42 ; ; : . . : : 20h
0 5 10 15 20 25 30 35 h
Suction (kPa) 24

(b)
Figure 6 Suction distribution due to 24-hour rainfall in a fwo-
layered soil with relict joint of 300 mm spacing in Grade V
soil (a) Grade VI without burrow hole (b) Grade VI with
burrow hole

The suction distribution due to 24-hour rainfall
shows that the soil profile attained a unit gradient
condition in all cases. However, this condition is
attained at different time depending on the relict
joint spacing and burrow hole condition. For the
experimental program without burrow hole in the
Grade VI soil layer, the difference in permeability is
about 3 and 2 orders of magnitude for 100 mm and
300 mm relict joint spacing, respectively. Therefore, it
tfakes about 600 minutes to attain a unit gradient
condition. However, when burrow holes are
considered, the soil atftained a wunit gradient
condition at 120 minutes. Therefore, it can be
concluded that the higher the difference in
permeability between the two soil layers the longer it
takes to atftain a unit gradient condition.

Furthermore, for the experimental program without
burrow hole, the suction decreases slowly especially
for 100 mm relict joint spacing compared to 300 mm
relict joint spacing. For 100 mm relict joint spacing,
the suction in the upper grade VI soil layer,
responded to the infiliration at about 240 minutes
whereas it responded to infiltration at about 60
minutes for 300 mm relict joint spacing. At the
interface of the two soil layers, the suction
responded to the infiltration and decreases at about
60 minutes of rainfall infiliration in both cases. In
contrast, for the experimental program with burrow
hole, a distinct variation in suction distribution
occurred at about 60 minutes in the upper grade VI
soil layer and at the interface of the two soil layers.
However, a slight changes were observed in the
lower grade V soil layer (i.e. less than 5 kPa for both
cases). At the end of testing period, a unit gradient
condition was observed in both cases and the
suction varies between 10 kPa to 5 kPa.

3.3 Suction Distribution Due to 7-day Rainfall intensity

Figures 7 and 8 illustrate the suction distribution for 7-
day infiltration tests.

018 —t— Init
nit.
0.2 7 = Cond.

022 =1 d

024 -

026 —a—2d
E 0.28 \ \ \ \ " =3 d
£ 03 .

032 g 4] ]

| ] ]

034 | / ——54d

0.36

11 71 o

' L L4

0.4 > 3 & —7d
042 T T T T T T )

0 5 10 15 20 25 30 35
Suction (kPa)
(a)
0.18 it
——Init.

0.2 7 ¥ f Cond.

0.22 I \ ——1d

0.24

0.26 I \ =2 d
Tos | \ ——34
£ 03 .

g- 032 ‘ \ ——4d
0.34 \ \ —o—5d
0.36
0.38 \ \ 6d

' )\
04 bk + —7a

0.42 T T T 1

15 20 25 30 35
Suction (kPa)
(o)

Figure 7 Suction distribution due to 7-day rainfall in a two-
layered soil with relict joint of 100 mm spacing in Grade V
soil (a) Grade VI without burrow hole (b) Grade VI with
burrow hole

For cases without burrow hole, the suction
dropped at 1 day in the upper grade VI soil layer. As
infiliration  continues, the suction decreases
continuously up fto the 4th day. However, the
suction observed in the 4th day is similar to that of
the 2nd day. It then remained unchanged until end
of ftesting period. This phenomena observed, is
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referred fo suction redistribution. At the interface of
the two soil layers and lower grade V soil layer more
chaotic conditions were observed compared to the
upper grade VI soil layer. For 100 mm relict joint
spacing, the suction distribution observed in 1 day,
was similar to that of initial condition. However, it
decreases slightly for 300 mm relict joint spacing.
Similarly, for 100 mm relict joint spacing, the suction
decreases confinuously for the 2nd and 3rd day and
later in increases in the 4th and 5th day. A unit
gradient condition was attained in the éth day for
the 100 mm relict joint spacing. However, the
suction slightly increases in the 7th day for 300 mm
relict joint spacing. This chaotic condition occurred
due to differences in permeability function in both
soil layers. Therefore, the infiltfrating water required
more time before it infilirates the lower grade V soall
layer. This causes the suction to increase and
decrease before a unit gradient condition is
achieved. This situation is a common factor that
contribute to slope failure and it occurs due to
heterogeneity in residual soil [15].

0.18

—4— Init.
2 KA o N, S
022 - ——
AR \\N N |
026 | \ \\\\ \\ ', —4—2d
E 028 | \ 3 d
g ng \¥ ——1d
8 a4 \\ ‘[ ——5d
0.36
ol | \ / y
oa |k I\ - 7d
042 T T T T T T 1
- Y M
(a)
018 ——Init
02 e nit.
0.22 l j 1 -5
oaa |/ \
026 y ‘ ——2d
Tom ] l
E o028 =3
5 03 = e_l_l_l_l_l_l_l_l_l_l_l_l_l_l_l_l_l_l_l_l_l.*l_l_l_l_L
g- 0.32 ‘. =4 d

| "
038 | \ | bd
o1 | : : 2

0.42 T T T T T 1
20 25 30 35
Suction (kPa)

v
-
o
-
v

(b)
Figure 8 Suction distribution due to 7-day rainfall in a two-
layered soil with relict joint of 300 mm spacing in Grade V
soil (a) Grade VI without burrow hole (b) Grade VI with
burrow hole

For cases with burrow hole, the redistribution of
suction is more stable than without burrow hole. After
1 day of infiltration, the suction drops drastically.
However, it starts to increase in the 2nd day before it
decreases again in 3rd day and reaches a unit
gradient condition.

In addition, in the grade VI soil layer without
burrow hole the suction almost reached 0 kPa. This
implies that the infiltrating water is retained in this soil
layer and resulted in full saturation of the layer in the
3rd day. However, in the grade VI soil layer with

burrow hole, the minimum suction observed is 17 kPa
and 6.7 kPa for 100 mm and 300 mm relict joint
spacing, respectively. This situation implies that, the
grade VI layer without burrow hole retained more
water compared to the grade VI soil layer with
burrow hole. The infilfrating water easily flows into
the lower grade V soil layer for the experimental
program with burrow hole.

4.0 CONCLUSIONS

The permeability is one of the main factors that
contribute fo suction distribution in two layered soil
profile. The conclusions that can be drawn from this
study include:

a. In the case of 1-hour rainfall intensity, the
capillary barrier effect is more effective in
experimental program without burrow hole.
This is because the difference in the soil
permeability is higher in the experimental
program without burrow than experimental
program with burrow hole.

b. For the 24-hour rainfall intensity, the water
infiltrates into the lower grade V saoil layer
easily for the experimental program with
burrow hole. However, it takes some time
before it percolates (breakthrough) the
lower grade V soil layer for the experimental
program without burrow hole.

c. For the 7-day rainfall intensity, a chaotic
condition in both experimental programs
was observed. However, experimental
program with burrow hole demonstrate
more chaotic condition than experimental
program without burrow hole.

d. The effectiveness of capillary barrier effect
due to arrangement of grades V and VI soil
layers is more pronounced when the
difference in the permeability function
between the two layers is more than 2 orders
of magnitude.

Acknowledgement

This work was supported by a research grant from
the RUG of UTM (Tier 1) (Q.J130000.2522.11H04)

References

[11  Agus, S.S., Leong, E. C., and Rahardjo, H. 2005. Estimating
Permeability Functions of Singapore Residual Soils. Eng.
Geol. 78(1):119-133.

[2] Keith, S. R. J. 1992. The Relation of Earthworms to Soil
Hydrailic Properties. Soil Biol. Biochem. 24(12): 1539-1543.

[3] Wang, D., Lowery, B., Norman, J. B., and Mc Sweeney, K.
1996. Ant Burrow Effects on Water Flow and Soil Hydraulic
Properties of Sparta Sand. Soil Tillage Res. 37: 83-93.

[4] Macdonald, A. M., Maurice, L., Dobbs, M. R., Reeves, H.
J., and Auton, C. A. 2012. Relating In-Situ Hydraulic
Conductivity , Particle Size and Relative Density of
Superficial Deposits in a Heterogeneous Catchment. J.
Hydrol. 434: 130-141.



115

1]

1]

7]
18]

191

Zaihasra Abu Talib et al. / Jurnal Teknologi (Sciences & Engineering) 78: 8-5 (2016) 109-115

Kassim, A., Gofar, N., Lee, L. M., and Rahardjo, H. 2012.
Modeling of Suction Distributions in an Unsaturated
Heterogeneous Residual Soil Slope. Eng. Geol. 131: 77-82.

Trandafir, A. C., Sidle, R. C., Gomi, T., and Kamai, T. 2007.
Monitored and Simulated Variations in Mafric Suction
during Rainfall in a Residual Soil Slope. Environ. Geol.
55(5): 951-961.

Rahardjo, H., and Lee, T. 2005. Response of a Residual Soil
Slope to Rainfall. Geotech.

Lee, L. M., Kassim, A., and Gofar, N. 2011. Performances
of Two Instrumented Laboratory Models for the Study of
Rainfall Infiltration into Unsaturated Soils.  Eng. Geol.
117(1-2): 78-89.

Yunusa, G.H., Kassim, A., and Gofar, N. 2014. Effect of Soil
Layering on Suction Distribution in Unsaturated Residual
Soil Slope. Electron. J. Geotech. Eng. 19 (Bund. Z): 9351-
9376.

(1]

(1]

[12]

[13]

[14]

[15]

Gofar, N. and Lee, L. M. 2008. Response of Suction
Distribution to Rainfall Infiltration in Soil Slope Selection of
Study Areas. Electron. J. Geotech. Eng.

Rahardjo, H., Satyanaga, A., and Leong, E. C. 2012.
Effects of Flux Boundary Conditions on Pore-Water
Pressure Distribution in Slope. Eng. Geol. Apr.

Maail, S., Huat, B., and Jamaludin, S. 2004. Index,
Engineering Properties and Classification of Tropical
Residual Soils. Trop. Residual Soil. Blight 1997: 37-55.
Rahardjo, H., Satyanaga, A., Leong, E. C., Ng, Y. S., and
Pang, H. T. C. 2012. Variability of Residual Soil Properties.
Eng. Geol. 141-142: 124-140.

Rahman, Z., and Hamzah, U. 2010. Influence of OQil
Contamination on Geotechnical Properties of Basaltic
Residual Soil. Am. J. 7(7): 954-961.

Aydin, A. 2006. Stability of Saprolitic Slopes: Nature and
Role of Field Scale Heterogeneities. Nat. Hazards Earth
Syst. Sci.(1984): 89-96.



