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Abstract. The rainfall-induced residual soil slope stability issues constitute a major threat to
both lives and property particularly in tropical country which characterized as intense and long
duration rainfall. Capillary barrier system (CBS) is a well-known alternative in controlling the
pore-water pressure built up and percolation. There were various studies has been done to
improve the CBS performance but it shows that the performance of the conventional CBS
under intense rainfall has not been particularly convincing. The application of transport layer
with CBS as a cover to prevent percolation of rainfall infiltration into residual soil slope and
landfill has been studied however the effectiveness was assured. This review article discusses
the application of unsaturated drainage transport layer system as an intermediate layer at
natural soil layer to divert rainfall infiltration laterally for residual soil slope stabilisation. A
drainage transport system is a great alternative to increase lateral diversion capacity at the
interface of Grade VI and Grade V soil slope layers and delay breakthrough occurrences.

1. Introduction

Weathering process has yield a soil heterogeneity that inherent feature common to tropical residual
soil and this type of soil constitutes more than 75% of surface deposit in Peninsular Malaysia. Soil
heterogeneities in tropical residual soil are consist of weaker material due to the weathering process
and will affect the permeability of the soil mass thus control the mechanisms and location of slope
failure [1][2]. In Malaysia, the tropical climate that represent a heavy rainfalls and high temperature
facilitate rapid chemical and mechanical weathering process that result with deep residual soil profile.
The deep residual soil profile of different layers which constitutes of Grade VI and Grade V soil with
distinct interface in between the layers. The typical arrangement of soil layers which fine grained soil
close to the ground surface compared to the soil at greater depth and form a natural capillary barrier
system [3].The stability of residual soil slope is affected by several natural and triggering factors. Soil
characteristic, groundwater condition, vegetation and slope gradient are example of natural factors and
the triggering factors include volcanic eruptions, earthquake and rainfall infiltration. Rainfall
infiltration are one of the most triggering natural factors to slope instability in many parts of the world
especially in tropical climate regions covered with residual soils [4][5]. Rainfall-induced slope failures
are usually shallow which failure not exceeding three meters and likely occur on slopes with 30 to 40
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degrees slope inclination. The soil matric suction decrease as the rainfall infiltrates into the soil and it
is one of the failure mechanism suggested by Rahimi et al. [6]. The decreasing of matric suction would
trigger a non-linear drop in soil shear strength. Hence, the matric suction of soil approaches zero
indicate a nearly saturated soil that will resulting in slope stability and further inducing disasters such
as landslides and debris flow.

Rainfall-induced slope failures have becoming the most damaging natural hazard in the world,
with slope failure occurring every rainy season that result in devastating consequences as damage of
surrounding infrastructure and loss of lives [7]. These failures are commonly occurred in natural
slopes that signifies an abundant of residual soil existence. Residual slope is in unsaturated condition
with deep ground water table. The rainfall-induced slope failures are generally occurred through
shallow failure mechanism [8] which is depth failure less than 2m. The primary controlling factors in
rainfall-induced slope failures has widely accepted to be both rainfall and soil properties [9]
particularly in tropical regions where there are usually in high intensity rainfall and humid condition
(low evaporation rate). Chemical weathering process and leaching of mineral form near-surface soil
could happen due to rainfall and may result in open structures of soil at slope surface. The void ratio is
commonly will affect the hydraulic properties of a soil which is one of the factors to determine the
amount of infiltrating water that may trigger slope failures. Melchiorre et al. has stated that the
intensity, duration antecedent condition, resolution and pattern of rainfall event play important role in
rainfall-induced slope failure [9]. Frydman et al. (2005) and Yunusa (2015) stated that matric suction
distribution decrease as the rainfall intrusion into unsaturated part of soil slope as the event
significantly changes both hydraulic and shear strength properties of unsaturated soil [10][11]. Intense
rainfall has often been identified by most of previous researcher as triggering factor for many slope
failures around the world [12]. Rainfall resolution is usually crucial in determining the amount of
rainwater infiltration that may lead to slope failure. Thus, Apip et al. has suggested a high resolution
rainfall data which is hourly instead of daily rainfall data in the analysis of rainfall-induced slope
stability to produce more accurate results [13]. The 70% of total rainfalls obtained from IDF curve was
applied for infiltration due to the surface loss approximately 30% from total rainfalls. [14][15][16].

The aim of this paper is to review the current state of slope stabilisation measure particularly in
application natural drainage transport system with capillary barrier effect within the natural residual
soil slope mantle. In order to understand the effectiveness of capillary barrier system (CBS) in slope
stabilisation, it is necessary to briefly review and understand the soil layer heterogeneity condition and
capillary barrier effect in controlling rainfall infiltration. The paper will briefly discuss the various
application of CBS and focus on natural unsaturated drainage transport system with capillary barrier
effect within natural residual soil slope layer.

2. Slope Stabilisation

Generally, slope stabilisation can be categorized into active and passive measures [17]. The utilization
reinforcement or counterweight systems to resist the sliding force of soil masses are known as active
measure. Geotextile reinforcement, soil nailing and retaining structures are examples of active
measure residual soil slope stabilisation and the application of these method has been proven in
practice but it is not cost effective. Passive measures are maintaining and controlling rain water
infiltration into residual soil slope for slope stabilisation. Horizontal drain is one of the passive slope
stabilization measure that has broadly applied to stabilize unsaturated residual soil slope in most
country around the world. This method has been identified as the most economical existing method in
practice but it requires regular maintenance and frequent replacement [18]. The effectiveness of this
method is limited to divert groundwater out of the soil slope and lower the water table thus minimize
slope failure risk. The effective application of horizontal drain is as low as possible in the slope and
the placement in the upper regions of the slope is unnecessary in the long term. The drain type,
location, number, length and spacing also play an important role for the effectiveness of horizontal
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drain [19]. Siphon drain is an example of passive measure in residual soil slope stabilization that pump
water by gravity without external energy input through a permanent primed siphon pipe [20]. The
traditional siphon drainage is limited due to siphon lift restriction and poor reliability in long term
service that prevent it from being widely used. Siphon drainage is similar with horizontal drainage
which is ideal for slope groundwater control in slope stabilisation. The natural sloping ground allow
the operation of the siphon system as a long term low flow rate pumping for landslide drainage and
stabilization. Siphon drain and horizontal drain is effective in groundwater control proven have
minimum role in minimizing infiltration and it is the main factor of rainfall induced residual soil slope.
Capillary barrier system has been widely introduced as a passive hydrological method in controlling
and minimising the rainfall infiltration into the residual slope.

3. Capillary Barrier System (CBS)

The conventional CBS is comprises of fine-grained soil layer overlying a course-grained soil layer
[21] and can occur naturally or engineered using selected material. Kassim (2011) stated that the
contrast of hydraulic conductivity greatly affect the suction distribution and movement of water flow
in tropical residual soil slope which create unstable areas with elevated pore-water pressures [14]. The
result of weathering profile is soil with fine grained content decrease with depth then produce the
typical arrangement of Grade VI and Grade V soil layer. Soil layer with lower permeability overlain a
higher permeability soil layer could develop excess pore-water pressure in the weathered slopes
parallel to a slope surface that would trigger slope failure [22]. The excess pore-water pressure is
cause by the impeded water infiltration at the fine layer that act as a water storage layer. The
downward movement of infiltrating water restricts with capillary break and facilitate lateral flow of
water above the interface of soil layers. CBS is effective in minimizing rainfall infiltration by diverting
it above the interface of unsaturated residual soil slope. Figure 1 is an example of infiltration test to
examine the capillary barrier effect of underlying coarser material [23]. The breakthrough of rainfall
infiltration across the interface into lower soil layers is occurred when the suction head at the interface
reached the breakthrough head of the lower soil layer. It is known as suction head when the courser
soil layer became conductive and not influence by the rate of rainfall infiltration and soil properties of
finer soil layer. The study stated that the coarser lower soil layer control the breakthrough of rainfall
infiltration in the residual soil slope thus influence the effectiveness of the capillary barrier [23]. The
upper layer of soil and rainfall infiltration control the suction head profile before the breakthrough
process. The percolation of water at the interface before the breakthrough occur would trigger the
shallow rainfall-induced slope failure. Suction head decrease below the breakthrough head is the
response of the increase of water content near the interface. The coarser layer hydraulic conductivity
increase rapidly and the coarse layer will not act as a barrier. The decrease of water content will
increase the suction head until it reached restoration head, the coarse layer would form a barrier again.

There are several performance of the CBS has been investigated by numerous researchers including
physical performance using one-dimensional soil column tests, two-dimensional slope model and field
monitoring. Physical laboratory modelling, numerical analysis and field monitoring approaches has
been applied by previous researches to study effect of rainfall infiltration on the suction distribution
and slope stability. These approaches is similarly applied to utilise the capillary barrier effect to
prevent rainfall infiltration into residual soil slope layer. The one-dimensional soil columns model
simulated only as flat cover system and unable to investigate the lateral flow of water in the capillary
barrier effect cover (CCBES) system. There are study on one-dimensional with different material as
coarse grained layer which is gravelly sand and geosynthetic material and it shows that geosynthetic
material is more effective than gravelly sand [24]. The other research approaches on CBS is the dual
capillary barrier (DCB) and it has been compared with traditional single capillary barrier (SCB) [25].
They has found that DCB stores more water compared to SCB and fined-grained layers of DCB have
higher volumetric water content during drainage than fine grained layer of SCB. The capillary cover
(CBC) has been tested at Jiangcungou landfill in Xi’an China. Zhan et al.(2017) stated that loess-
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gravel CBC has increase the ability to store water by 41% at the completion of percolation and
vegetation had a significant influence on water storage capacity [26]. The most recent study on CBS is
known as “biomediated capillary barrier system” (B-CBS) and the study shows that it is effective to
control the infiltration by taking advantages of less-permeable biomediated soil cover and minimize
water infiltration into residual soil slope [17].
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Figure 1. Graf of (a) Measured Moisture Characteristic Curve for Wetting and Calculated Moisture
Characteristic Curves (b) Hydraulic Conductivity vs soil suction for three type of soil.

The theoretical and experimental studies on the behaviour and design of CCBEs has been
conducted for over fifteen years. Generally, the system with CCBESs has been applied as a measure to
reduce infiltration due to the long durability, ease of construction, cost effective and minimum
maintenance if carefully constructed. Hence, it can be an alternative to prevent rainfall infiltration and
reduce risk of rainfall-induced residual soil slope failure. There are various extensive studies of CBS
as soil cover to control infiltration into waste containment system such as landfill and mining waste
[27][28]. Recently, the principle of CBS has been extended and utilised as slope stabilisation method
by preventing the rainfall infiltration into unsaturated residual soil slope. [29][30][31][32] However,
breakthrough occur especially during wet period when residual soil slope experienced high moisture
content hence minimum suction condition and has become the major setback of using capillary barrier
in humid climates with high rainfall infiltration. The breakthrough of water infiltration from fine-
grained soil layer into course layer occur when the rate of infiltration is greater than the storage
capacity of the upper fine-grained soil layer. Therefore, transport layer or unsaturated drainage layer is
introduced to enhance the performance of CBS. Table 1 shows the previous study on development
CBS and the improvement of the system [28].
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Table 1. Historical Development of Capillary Barrier System.

Year Work Reference
1993 1D Column to study the infiltration characteristic of CBS Yang et al.,2004
2000 Mechanism of sloping CBS under high rainfall condition 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 Krisdani et al., 2006
CBS
2005-2015 | CBS for slope repair in Bedok (2006), Ang Mo Kio (2009), Rahrdjo et al.,2007,
Tampines (2010), Matilda (2015) 2012, 2013
2010 Development of dual capillary barrier (DCB) system using Hamas et al.,2014
recycled materials
2012 Joint Patent for Medular Cover System (NTU-HDB)
2013 DCB for landfill cover system Rahardjo et al., 2013
2015 Development of GeoBarrier system for slope protection Rahardjo et al.,2015
and retaining structure

4. Transport Layer in Capillary Barrier System

A transport layer or unsaturated drainage layer (UDL) is an intermediate layer that constructed
between fine and course soil layer so that the infiltrating water can flow above ad within this layer due
sloping surface. The application of UDL is effective to improve the performance of capillary barrier
system by preventing the development of positive pore water pressure in response to rainfall
infiltration [11]. Furthermore, UDL is able to increase the lateral diversion and delay breakthrough
occurrence in CBS. There a several study on application of capillary barrier cover with transport layer
and it has been proven that it performed much better than the conventional capillary barrier cover [30].
The prior research on capillary barrier effect with UDL generally suggest unsaturated sands as
transport layer material [30] [33] stated that particle size plays a significant role in promoting lateral
diversion of a system with capillary barrier effect. Studies has found that underlying coarse material
approximately 2.5 times coarser than the overlying fine material would achieve about 80% of
maximum diversion. In other case, the similar outcome with 90% of maximum diversion with 5 times
coarser of course material than the overlying fine material.

There are studies on the long-term performance of capillary barrier cover with an unsaturated sand
layer in humid climate in China [33]. The UDL is layer of 10cm sand within 20cm silt layer and 10cm
gravel. The monitoring result for 2 years has been identified lateral drainage successfully divert
16.87% of total precipitation and it shows the possibility of successful application in China’s humid
climate [33]. The most recent study on the improvement of CCBEs is vegetated three-layer landfill
cover that consist of crushed concrete as the transport layer or intermediate layer between decomposed
granite as top and lowest layer. The study conclude that grass-covered landfill cover has significant
effect on the comulative precolation with more sustainable material [34].The selection of transport
layer transport layer should have sufficient moisture and thickness to be conductive enough to divert
water laterally downward to preserve capillary break within the underlying courser material as shown
in Figure 2 [35]. The development of positive pore-water pressure results in slope failure that is
shallow in nature. Therefore, the poor drainage characteristics of the residual soil mantle can be
improved significantly by introducing a transport layer.
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Figure 2. Lateral drainage in unsaturated soil with (2) a capillary barrier, (b) a transport layer above
a capillary barrier.

5. Conclusion and Future Perspectives

The residual soil slope stabilisation have been widely studied to prevent the rainfall-induced residual
soil slope and give negative impact to lives and surrounding infrastructure. The cumulative effort of
academic and industrial scientist over the past few years has led to many improvement of residual soil
slope stabilisation method including the advance capillary barrier system with various improvement.
Probably the best known alternatives is the application of transport layer with capillary barrier system
which include a method as a slope cover to prevent rainfall infiltration and waste containment cover to
prevent leachate that would trigger underground water pollution. The study of long term performance
of the system should be explore due to the cyclic environmental changes and not limited to assessment
for wet period only.

At this point of time, although the UDL is reliable to enhance the capillary barriers due to
engineered material, there is no systematic study and application on the unsaturated drainage transport
system in natural residual soil mantle. The application of capillary barrier as slope stabilization
measure was very limited or even yet to be exploited in Malaysia. In addition, the usage of natural
material as the intermediate layer is introduced instead of geotextile material or drainage cell material.
It is a great effort for sustainability measure which is the usage of more natural material for
unsaturated drainage layer. With advances in understanding of the heterogeneity of soil profile,
capillary barrier effect mechanism and engineering design principle used for fabrication of UDL, there
is great hope that effective natural drainage transport system within the soil layers would be
developed. The risk of rainfall-induced residual slope failure problem would be minimised.

Acknowledgement

The present study was funded in part by Universiti Teknologi Malaysia (UTM) and the Ministry of
Higher Education through the awarded Research University Grant (GUP), vote number
Q.J130000.2522.19H77. The support is highly appreciated.



1st International Conference on Science, Engineering and Technology (ICSET) 2020 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 932 (2020) 012053 doi:10.1088/1757-899X/932/1/012053

Reference

[1]
2]

[3]

[4]
[5]
[6]

[7]
8]

[9]
[10]

[11]

[12]

[13]

[15]

[16]

[17]

[18]

[19]

Kassim A, Gofar N, Lee LM, Rahardjo H. Modeling of suction distributions in an unsaturated
heterogeneous residual soil slope. Engineering Geology. 2012;131-132:70-82.

Zhang LL, Zhang J, Zhang LM, Tang WH. Stability analysis of rainfall-induced slope failure: a
review. Proceedings of the Institution of Civil Engineers - Geotechnical Engineering.
2011;164(5):299-316.

Li W, Lee L, Cai H, Li H, Dai,] F, Wang, M. . Combined Roles of Saturated Permeability and
Rainfall Characteristic on Surficial Failure of Homogenous Soil Slope. Engineering
Geology 2013; 105-113.

Harris SJ, Orense RP, Itoh K. Back analyses of rainfall-induced slope failure in Northland
Allochthon formation. Landslides. 2011Feb;9(3):349-56.

Chaithong T. Analysis Of Extreme Rainfall-Induced Slope Failure Using A Rainfall Infiltration-
Infinite Slope Analysis Model. International Journal of GEOMATE. 2017Jan;13(35).

Rahimi A, Rahardjo H, Leong E-C. Effect of Antecedent Rainfall Patterns on Rainfall-Induced
Slope Failure. Journal of Geotechnical and Geoenvironmental Engineering. 2011;137(5):483—
91.

Zhang J, Huang H, Zhang L, Zhu H, Shi B. Probabilistic prediction of rainfall-induced slope
failure using a mechanics-based model. Engineering Geology. 2014;168:129-40.

Li WC, Lee LM, Cai H, Li HJ, Dai F, Wang ML. Combined roles of saturated
permeability and rainfall characteristics on surficial failure of homogeneous soil slope.
Engineering Geology. 2013;153:105-13.

Melchiorre C, Frattini P. Modelling probability of rainfall-induced shallow landslides in a
changing climate, Otta, Central Norway. Climatic Change. 20110ct;113(2):413-36.

Frydman S. Shear Strength and Negative Water Potential in Unsaturated, Compacted
Clays. Unsaturated Soils: Research and Applications. 2012;:31-7.

Yunusa GH, Kassim A. . Laboratory Investigation of Drainage Cell as Transport Layer in
Residual Soils. Proceedings of the 1st ICRIL-International Conference on Innovation in Science
and Technology (IICIST 2015) 2015.

Osanai N, Shimizu T, Kuramoto K, Kojima S, Noro T. Japanese early-warning for debris flows
and slope failures using rainfall indices with Radial Basis Function Network. Landslides.
2010;7(3):325-38.

Apip, Takara K, Yamashiki Y, Sassa K, Ibrahim AB, Fukuoka H. A distributed hydrological—-
geotechnical model using satellite-derived rainfall estimates for shallow landslide prediction
system at a catchment scale. Landslides. 2010;7(3):237-58. [14] Kassim A. Modelling the
Effect of Heterogeneities on Suction Distribution Behavior in Tropical Residual Soil. PhD
Thesis, Universiti Teknologi Malaysia, 2011.

Dourte D, Shukla S, Singh P, Haman D. Rainfall Intensity-Duration-Frequency Relationships
for Andhra Pradesh, India: Changing Rainfall Patterns and Implications for Runoff and
Groundwater Recharge. Journal of Hydrologic Engineering. 2013;18(3):324-30.

Gofar N, Lee M, Kassim A. Response of Suction Distribution to Rainfall Infiltration in Soil
Slope. Electronic Journl of Geotechnical Engineering , 2008; 1-13.

Hua S, Shi T, Wong W, Chin D, Lee M, Ong Y, Kassim A. Soil Column infiltration tests on
biomediated capillary barrier systems for mitigating rainfall-induced landslides. Environmental
Earth Sciences, 2018; 77-589.

Rahardjo H, Santoso V, Leong E, Ng Y, Hua C. Performance of Horizontal Drains in Residual
Soil Slope. Soils and Foundations,2011; 15(3), 437-447.

Santoso V, Rahardjo H, Eng Choon L, Song Y, Cheuk H. Horizontal drains in residual soil
slopes. 4th Asia Pasific Conference on Unsaturated Soils, 2010; (pp. 325-332). Newcastle,
Australia.



1st International Conference on Science, Engineering and Technology (ICSET) 2020 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 932 (2020) 012053 doi:10.1088/1757-899X/932/1/012053

[20]

[21]

[22]

[23]

[24]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Sun H, Wang D, Shang Y, Cai Y, Wei Z.An improved siphon drainage method for slope
stabilisation. Journal of Mountain Science, 2019; 701-713.

Yan W, Chiu C, Yuen K-V. Prediction and modeling of permeability function and its
application to the evaluation of breakthrough suction of a two-layer capillary barrier. Canadian
Geotechnical Journal. 2017;54(6):778-88.

Yunusa GH, Kassim A, N Gofar. Effect of Surface Flux Boundary Conditions on Transient
Suction Distribution in Homogeneous Slope. Indian Journal of Science and Technology, 2014;
7(12), 2064-2075.

Stormont, JC Anderson CE. Capillary Barrier Effect from Underlying Coarser Soil Layer.
Journal of Geotechnical and Geoenvironmental Engineering, 1999; 125(8), 641-648.

Krisdani H, Rahardjo H, Leong E-C. Application of geosynthetic material in capillary barriers
for slope stabilisation. Geosynthetics International. 2010;17(5):323-31. [25] Harnas F,
Rahardjo H, Leong E, Wang J. Experiment study on dual capillary barrier using recycled asphalt
pavement materials. Can Geotech , 2014; 1165-1177.

ZhanL, Li G, Jiao W, Wu T, Lan JW, Chen Y. Field measurements of water storage capacity in
a loess-gravel capillary barrier cover using rainfall simulation test. NRC Research Press, 2017;
1523-1536.

Rahardjo H, Satyanaga A, Harnas F, Wang J, Leong E. Capillary barrier system for landfill
capping. Coupled Phenomena in Environmental Geotechnics. 2013;:425-33.

Abdolahzadeh AM, Lacroix Vachon, B, Cabral AR. Evaluation of the effectiveness of a cover
with capillary barrier effect to control percolation into a waste disposal facility. Canadian
Geotechnical Journal, 2011; 48(7), 996-10009.

Rahardjo H, Santoso VA, Leong EC, Ng YS, Tam CPH Satyanaga A. Use of recycled crushed
concrete and Secudrain in capillary barriers for slope stabilization. Canadian Geotechnical
Journal. 2017; 50(6), 662-673

Zhan, TLT, Li H, GW, Chen YM, Fredlund DG. Physical and numerical study of lateral
diversion by three-layer inclined capillary barrier covers under humid climatic conditions.
Canadian Geotechnical Journal. 2014; 51(12), 1438- 1448.

Harnas FR, Rahardjo H, Leong EC, Wang JY. Experimental Study on Dual Capillary Barrier
using Recycled Asphalt Pavement Materials. Canadian Geotechnical Journal. 2014; 51(10),
1165-1177.

Ng CWW, Liu J, Chen R, Xu, J. Physical and numerical modeling of an inclined three-layer
(silt/gravelly sand/clay) capillary barrier cover system under extreme rainfall. Waste
Management. 2015; 38, 210-221.

Zhan L, Jiou W, Kong L, Chen Y. Long-term performance of capillary barrier cover with
unsaturated drainage layer in humid climate. Geo-Congress 2014 Technical Paper, 2014; (pp.
1890-1899). Zheijang, Hangzhou.

Charles W, Chen R, Coo J, Liu J, Ni J, Chen Y, Lu B. A novel vegetated three-layer landfill
cover system using recycled construction wastes without geomembrane. NRC Research Press,
2019; 13, 1-13

Stormont, J, Henry K, Pease R. Draining Unsaturated Soils with Geosynthetics. Geosynthetic
International. 2010; (5), 332 - 340.





