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1 INTRODUCTION 

With increasing population, municipal solid waste 
(MSW) produced also increases considerably. Land-
filling is the simplest and most economical method 
of disposing these MSW. The closure standards of 
MSW landfills require owner/operator to install a fi-
nal cover system to limit percolation into the waste 
to prevent excessive leachate generation and 
groundwater contamination. Conventional landfill 
final cover systems utilize compacted clays due to 
their low water permeability. However, these com-
pacted clay, subjected to seasonal drying by the Sun 
and wind; and/or root water uptake by trees, can be 
desiccated. Desiccation causes clay to shrink and 
crack which increases the saturated permeability and 
can compromise their integrity as landfill covers 
(Albright et al. 2006). It has been suggested that ge-
omembranes may be substituted for compacted clay. 
However, geomembranes are highly susceptible to 
interface stability and defects/holes which can com-
promise their reliability (Mitchell et al. 1990; Amaya 
et al. 2006; Fox et al. 2014). Therefore, some alter-
native covers are considered. 

An example of an alternative cover is a cover with 
capillary barrier effects (CCBE). A CCBE is basical-
ly a two-layer cover system that is a layer of fine-
grained soil over a layer of coarse-grained soil. The 

fundamental working principle of CCBE utilizes the 
contrasting permeability and water retention capabil-
ity of these two soil layers. Under unsaturated condi-
tions, the different hydraulic properties between 
these two soil layers can minimize the downward 
migration of water across the interface between 
them. Due to these advantages, CCBEs have attract-
ed considerable attention over the past few years 
(Rahardjo et al. 2012). However, due to its working 
principle, the performance of CCBE in experimental 
studies under humid climates has been unsatisfactory 
(Khire et al. 2000; Albright et al. 2004). 

In humid climates such as Singapore, Hong Kong 
and some states in the U.S. namely Hawaii, Louisi-
ana, Alabama and Florida where annual rainfall of 
over 1200 mm is not uncommon, water break-
through is expected to occur for CCBEs. In order to 
address this issue, Ng et al. (2016) proposed a new 
three-layer landfill cover system for humid climates 
(see Figure 1). This three-layer landfill cover con-
sists of a low permeability soil layer, such as clay or 
silty clay, added underneath a CCBE. The innova-
tion of this three-layer cover system is founded on 
the theory of unsaturated soil mechanics leading to 
the possibility of eliminating the use of geomem-
branes for minimizing water infiltration. In this 
three-layer cover system, water infiltration is mini-
mized by making use of the capillary barrier effects 
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provided by the two upper soil layers (i.e., fine-
grained soil and coarse-grained soil) and the low-
permeability of the lowest layer when it is close to or 
at full saturation. Due to the protection of the upper 
two layers, the bottom clay layer can be kept at high 
degree of saturation. This implies that the occurrence 
of desiccation cracks in the clay layer can be mini-
mized. 

 
Figure 1. Conceptual diagram of the three-layer landfill cover 
system (after Ng et al. 2016) 

 
Ng et al. (2016) and Ng et al. (2015) evaluated 

the performance of this three-layer landfill cover sys-
tem, silt over gravelly sand over clay, by carrying out 
water infiltration test in a soil column and flume 
model, respectively. Their results show that this 
three-layer landfill cover system can indeed perform 
satisfactorily in humid regions under extreme rain-
fall conditions. However, the soils used were artifi-
cial and idealized soil which would not typically be 
used for landfill covers. Furthermore, the use of pure 
kaolin clay as the low permeability soil layer is im-
practical as it may not be readily available to supply 
the large amount of soil required to construct a land-
fill cover aside from it being expensive and difficult 
to construct. Thus, locally available soil is recom-
mended to be used in this new cover system. 

The main objective of this paper is to validate the 
performance of the three-layer landfill cover system 
using natural and locally available soils under ex-
treme wetting conditions. Completely decomposed 
granite (CDG) and gravelly sand were used for the 
top layer and intermediate layer while completely 
decomposed volcanic (CDV) was used as the low 
permeability soil layer. The study is conducted by 
carrying out one-dimensional water infiltration test 
in a soil column. 

2 MATERIALS AND METHODS 

2.1 Soil type and index properties 

Three soils, namely completely decomposed granite 
(CDG), gravelly sand and completely decomposed 
volcanic (CDV), were used in this study. CDG was a 

yellowish brown silty sand collected from a con-
struction site located at Beacon Hill. Gravelly sand, 
crushed from granite, was light grey in color. It was 
essentially a mixture of quartz sand (50%) and grav-
el (50%). CDV was an orangish brown silty clay col-
lected from a construction site located at Clear Wa-
ter Bay. The basic properties of the soils are 
summarised in Table 1. 

 
Table 1. Index properties of the soils used in this study 

Index property CDG 
Gravelly 

sand 
CDV 

Standard compaction tests    
Maximum dry density 
(kg/m3) 

1772 1494 1546 

Optimum moisture con-
tent (%) 15 - 23 

Specific gravity 2.60 2.62 2.65 
Saturated permeability (m/s) 6.2x10-6 9.7x10-3 2.4x10-7 
Atterberg limits    

Plastic limit (%) 26 - 35 
Liquid limit (%) 40 - 48 
Plasticity index (%) 14 - 13 

Unified soil classification 
system (USCS) 

SM SP ML 

 
Water retention curve (WRC) is the relationship 

between the volumetric water content and the suc-
tion of a soil. In this study, both the wetting and dry-
ing WRCs of the soils were obtained using modified 
pressure plate apparatus (Ng and Pang 2000). The 
WRC data are shown in Figure 2. 
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Figure 2. Measured WRCs of CDG, gravelly sand and CDV 

2.2 Column setup and experimental program 

To evaluate the performance of the proposed three-
layer landfill cover for reducing water infiltration, a 
soil column made out of a transparent acrylic cylin-
der was used in this study. The height of the soil 
column which contains two parts (upper part 700 
mm high and lower part 600 mm high) is 1300 mm. 
The inner diameter of the cylinder is 140 mm with 
wall thickness of 6 mm. The soil column is designed 
to control and measure the top and the bottom 
boundary flow conditions. At the top boundary upon 

Waste 

Low permeability soil layer 

Coarse-grained soil layer 

Fine-grained soil layer 



ponding, constant head infiltration can be achieved 
by using an electronic weighing scale and a constant-
head supply system consisting of a water storage 
tank. The constant-head supply system is explained 
in detail in Ng et al. (2016). The top of the soil col-
umn was covered during test to prevent evaporation. 
A valve is installed at the base of soil column to con-
trol drainage condition. Under drained conditions, 
any percolation during test was collected through an 
outlet at the base of soil column and periodically 
weighed. 

To obtain a homogenous and uniform soil column, 
careful preparation of the soils. The soils were ini-
tially mixed with water to reach the optimum mois-
ture content as given in Table 1. Each soil layer was 
compacted in 12 to 15 lifts and the required number 
of hammer drops for each lift was found by carrying 
out trial compaction tests. Variation of actual and 
targeted soil density was found to be within ±3%. 
The top surface of each lift was scarified before the 
compaction of the successive lift for better contact. 
A layer of vacuum grease was applied at the inner 
walls of the soil column before compaction to mini-
mize any occurrence of preferential path of water. 
Fig. 3 shows the overview of the water infiltration 
test. More details regarding the test setup are given 
in Ng et al. (2017). 
 

 
Figure 3. Overview of the soil column water infiltration exper-
iment (after Ng et al. 2017) 

 
The instrumentation consisted of small tip tensi-

ometers and theta-probe soil moisture probes. The 
high air-entry ceramic tip of the tensiometers used in 
this study had a value of 100 kPa. Tensiometers 
were fitted with pressure transducers that had a pres-
sure range of -100 kPa to 100 kPa. Moisture probes 
were used to measure volumetric water content. 
Each pair of tensiometers and moisture probes was 
installed at the same elevation of the soil column 
(see Fig. 3). This arrangement aims to verify meas-
urements between each other. Measurements were 

made at 75 mm, 225 mm, 375 mm, 525 mm, 675 
mm, 825 mm and 975 mm above the base of the soil 
column. Prior to installation, all transducers were 
calibrated. The transducers were connected to a Del-
ta-T Dl2e data logger. A program was written to set 
up communication and data collection between the 
data loggers and transducers. 

The three-layer soil column was constructed us-
ing 0.4 m of CDV, 0.2 m of CC and 0.4 m of CDG, 
compacted successively from the bottom to the top. 
The CDV, gravelly sand and CDG were compacted 
to their targeted degree of compaction (DOC) or rel-
ative density (RD) which is 95 DOC, 90 RD and 95 
DOC, respectively. After sample preparation, the 
compacted soil columns were subjected to water in-
filtration. The infiltration stage involved imposing a 
0.1 m constant head ponding controlled by a con-
stant-head water supply system. The soil surface was 
covered during infiltration to minimize evaporation. 
The test involved measurements of the volume of in-
filtrated water and water outflow rate as well as dis-
tributions of pore water pressure and volumetric wa-
ter content. It should be noted that the water 
infiltration is one-dimensional, no lateral drainage, 
thus representing a worst-case scenario for a landfill 
cover under water infiltration. 

Most engineering design guidelines are based on 
rainfall return period (GEO 2011). Rainfall return 
periods at various ponding duration are back-
calculated by using the relationship between rainfall 
depth and duration according to the “Hong Kong 
Stormwater Drainage Manual” (DSD 2013). Further 
details regarding the conversion of water ponding to 
equivalent rainfall return period are given in Ng et 
al. (2016). 

3 INTERPRETATION OF RESULTS 

3.1 Pore water pressure distribution 

The measured pore-water pressure distributions 
along soil depth for the water infiltration test are 
shown in Figure 4. At the initial condition, pore wa-
ter pressure at the CDV layer is highest followed by 
the gravelly sand layer and then the CDG layer. Af-
ter one to three hours of ponding, the pore water 
pressure in the CDG layer shifted to the right. How-
ever, there was no observable change of pore water 
pressure change in the gravelly sand. This implies 
the gravelly sand layer served as a capillary barrier 
and impeded the downward flow of water due to its 
relatively low permeability at higher suction range. 

After four hours of ponding, pore water pressure 
in the gravelly sand shifted to the right from -21 kPa 
to 0kPa, while the pore water pressure in the silt lay-
er also shifted further to the right. This shows that 
water infiltrated into the gravelly sand layer due to 
water breakthrough across the fine-coarse soil inter-
face of the CCBE (Ross 1990; Yang et al. 2006). 
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The upper two-layer CCBE was no longer functional 
after this ponding duration. This phenomenon has 
been demonstrated by researchers for two-layer 
CCBEs under one-dimensional conditions (Yang et 
al. 2006; McCartney and Zornberg 2010; Stormont 
and Anderson 1999). After eight hours of continuous 
ponding, a hydrostatic condition seems to develop 
above the CDV layer as reflected by the pore water 
pressure measurements. This may be due to CDV 
acting as an impeding layer with its relatively low 
water permeability compared to the upper two soils. 
It is also noted that with further application of 0.1 m 
constant head ponding, the pore water pressure in the 
CDV layer kept increasing. A steady-state pore water 
pressure measurement is observed after 48 hours of 
continuous ponding. It can be observed that the pore 
water pressure on top of the soil column is equiva-
lent to the water pressure applied by the 0.1 m con-
stant head ponding. Since the bottom boundary of 
the soil column is a free drainage, the pore water 
pressure at the most lower portion of the CDV layer 
is found to be zero. 

 

0

0.2

0.4

0.6

0.8

1

-60 -50 -40 -30 -20 -10 0 10

D
ep

th
 (

m
)

Pore Water Pressure (kPa)

initial
1-hour
3-hour
4-hour
8-hour
24-hour
36-hour
48-hour

CDG

Gravelly

sand

CDV

(10 year rainfall)

(35 year rainfall)
(105 year rainfall)

(210 year rainfall)
(180 year rainfall)

(20 year rainfall)

 
Figure 4. Measured pore water pressure distributions in the wa-
ter infiltration test 

 

3.2 Percolation rate with time 

Figure 5 shows the measured cumulative percolation 
depth and calculated outflow rate with time. It shows 
that percolation started to occur after approximately 
32 hours of ponding. Percolation rate increased con-
tinuously until steady state infiltration was reached. 
At steady state infiltration, the percolation rate be-
came the same as the saturated permeability of CDV. 
Also, the rate of percolation kept increasing after 48 
hours of ponding and eventually reaching a plateau 
at steady-state. This can be related to the permeabil-
ity and hydraulic gradient of the soil. During infiltra-
tion, permeability increases while hydraulic gradient 
is also large. Thus, percolation rate kept increasing 
at the initiation of percolation. While approaching 
steady-state, the rate of increase in the permeability 
and hydraulic gradient becomes smaller and smaller 
until the permeability and hydraulic gradient within 
the soil reach constant values. 
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Figure 5. Measured variations of cumulative percolation and 
drainage rate with time 

 
The measured percolation depth was approxi-

mately 28 mm after 48 hours of ponding (190 year 
return period of rainfall). The equivalency percola-
tion criterion for compacted clay cover in landfills 
should be smaller than 30 mm/yr under humid cli-
mates (Benson et al. 2001). This percolation criteri-
on is based on empirical field monitoring data and 
considers lateral drainage of water. There is no lat-
eral drainage for the 1-D water infiltration test and 
thus represents the worst-case scenario for a landfill 
cover under water infiltration. Following this criteri-
on, the three-layer landfill cover system performs 
satisfactorily if there is no other occurrence of rain-
falls with return period of 210 years within the same 
year. In comparison, Indrawan et al. (2007) carried 
out rainfall test on a 1-m CCBE consisting of 500 
mm thick clayey sand and 500 mm thick gravelly 
sand. The rainfall applied was only 9 mm/h for 2 
hours. Although capillary barrier effects prevented 
water percolation in the early stages (<6 hours), per-
colation occurred after 6 hours even though rainfall 
was for only 2 hours. This indicates that due to the 
addition of the CDV layer underneath a two-layer 
CCBE, infiltrated water is prevented to percolate 
through the whole cover. Thus, showing the effec-
tiveness of the proposed three-layer landfill cover 
system in preventing percolation into the waste un-
der extreme wetting conditions that commonly occur 
in humid climates. 

4 SUMMARY AND CONCLUSIONS 

A new three-layer landfill cover system using natural 
and locally available soils was investigated for re-
gions with humid climates where annual rainfall ex-
ceeds 1200 mm. The fundamental principle of this 
new system is by adding a low permeability soil lay-
er (i.e., silty clay) underneath a conventional two-
layer CCBE. The purpose of this low permeability 
layer is intended to act as an impending layer to min-
imize percolation into underlying waste when water 
breakthrough occurs at the upper two-layer CCBE 
during heavy and prolonged rainfalls. Water infiltra-



tion test was carried out by using one-dimensional 
soil column. The soil column was made up of com-
pletely decomposed granite (CDG), gravelly sand, 
completely decomposed volcanic (CDV). The fol-
lowing conclusions may be drawn: 

(1) The laboratory soil column test demonstrates the 
effectiveness of the three-layer landfill cover 
system when subjected to a 0.1 m constant head 
ponding. The effect of capillary barrier at the 
upper two-layer is only effective up to 3 hours 
(20 year return period of rainfall). The increase 
of pore water pressure in the gravelly sand evi-
denced the water breakthrough of the capillary 
barrier. Further infiltration of water through the 
cover is intercepted by the addition of the CDV 
layer underneath the CCBE. 

(2) After water breakthrough of the upper CCBE, 
infiltrated water requires a rather long duration 
for the wetting front to reach the deeper portion 
of the CDV layer and thus percolation can be 
prevented/minimized for extreme rainfall condi-
tions. This shows that percolation through this 
landfill cover system was mainly prevented by 
the bottom low permeability layer and is the 
most important component. 

(3) Approximately 28 mm of percolation was 
measured after constant ponding of 60 hours 
(300 year return period of rainfall). This meets 
the recommended criterion of 30 mm/yr for 
compacted clay covers (Benson et al., 2001) if 
there is no other occurrence of rainfalls with 
return period of 300 years within the same year. 

(4) Based on the results of the soil column test, it is 
demonstrated that this three-layer landfill cover 
system can perform satisfactorily in humid re-
gions under extreme rainfall conditions. 
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