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Abstract: The behaviour of capillary barrier covers (CBCs) subjected to rainfall has been extensively
studied by many researchers. However, the patterns of rainfall are seldom considered in previous
studies, and therefore, the behaviour of CBCs subjected to rainfall with different patterns is still
unknown. To this end, this study aims to investigate the effect of rainfall patterns on the behaviour
and performance of CBCs, and identify the rainfall pattern, under which the performance of the CBC
is the worst. Using a newly developed soil column test apparatus, a series of laboratory soil column
experiments were conducted. The results indicated that when rainfall duration is short, the patterns
of rainfall only affect the volume water content (VWC) and pore water pressure (PWP) significantly at
the upper part of the column; when rainfall duration is long, the patterns of rainfall can significantly
affect the VWC and PWP throughout the whole column. The percolation and breakthrough time
of the CBC were also influenced by rainfall patterns; the advanced rainfall pattern produced the
largest percolation, and resulted in the shortest time for CBCs to break through, whereas the delayed
rainfall pattern generated the least percolation and resulted in the longest time for CBCs to break
through. Based on the percolation and breakthrough time, it seems that the advanced pattern is
the worst-case scenario for the CBCs subjected to rainfall. The obtained results not only imply the
necessity of rainfall patterns to be involved in the study of the CBCs subjected to rainfall but they also
can be helpful for the practical design of the CBCs.
Keywords: landfill; capillary barrier covers; rainfall patterns; rainfall infiltration; soil column

1. Introduction
Rainfall infiltration is a major cause of leachate generation in landfills. The generated leachate
can contaminate soil and underground water, and thus pose a serious threat to the environment and
public health. Therefore, covers are usually placed on top of landfills to control rainwater infiltration
into the underlying waste to limit leachate production [1]. One of the most promising covers is the
capillary barrier cover (CBC). A CBC is a two-layer unsaturated soil system consisting of a fine sand
layer overlying a coarse sand layer [2,3], effectiveness of which depends on the capillary barrier effect
that forms at the interface of the fine and coarse sand layers, to prevent rainwater infiltration into the
coarse sand layer. Any infiltrating rainwater will be stored in the fine sand layer temporarily. If the
capillary barrier effect disappeared, the infiltrating rainwater would flow through the interface into the
coarse sand layer and subsequently penetrate the underlying waste. Therefore, the effectiveness of
CBCs under rainfall conditions is of great importance for controlling leachate generation and reducing
pollution of the surrounding environment, and thus is worthwhile to study.
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The behaviour of CBCs subjected to rainfall is influenced by many factors, some of which have
been mostly studied by researchers, e.g., rainfall intensity, rainfall duration, material properties,
and slope angle etc. Yang [4] carried out laboratory soil column tests to evaluate the effect of rainfall
intensity and duration on the behaviour of CBCs during rainfall infiltration, and revealed that rainfall
intensity had a significant effect on the pore water pressure (PWP) and water content distribution in the
upper fine sand layer of the CBC and has limited effect on that in the lower coarse sand layer. Ng [5]
numerically investigated the factors that affect the behaviour of three-layer CBCs subjected to rainfall,
and the results indicated that the percolation of the CBC was significantly influenced by both the rainfall
duration and the saturation of the waste. McCartney [6] also conducted the laboratory soil column tests
to study the performance of a geosynthetic capillary barrier under simulated rainfall and evaporation
conditions, and they found that the volume water content (VWC) of the soil above the geocomposite
drainage layer was significantly affected by the capillary barrier effect during the infiltration process.
Zhang [7] examined the effect of moisture hysteresis on the performance of CBCs subjected to rainfall
and concluded that the hysteresis of soils can significantly affect the pore water pressure distribution
and breakthrough time of CBCs in numerical simulations. Rahardjo [8] investigated the effect of water
entry value of the soils on the performance of CBCs, and they found that the larger the difference of
the water entry value between the fine and coarse sand layers in CBCs, the more effective the CBCs
will be, and the less percolation will be produced. Qian [9] conducted laboratory infiltration tests to
investigate the factors that influence the performance of CBCs, and concluded that the efficiency of
CBCs decrease with increasing rainfall intensity but increase with increasing thickness and slope of the
underlying coarse sand layer of the CBC. The influence of slope angle on the behavior of three-layer
CBCs was investigated by Chen [10], and they found that the larger the slope angle, the lower the
VWC and matric suction will be in the upper layers of the CBCs.
As can be seen from the aforementioned studies, despite many influencing factors on the behaviour
of CBCs subjected to rainfall have been studied, the patterns of rainfall, however, are seldom considered
in the previous studies. For example, a uniform rainfall pattern with constant rainfall intensity
was mostly assumed in laboratory infiltration tests (e.g., Yang [11], Stormont [12], Indrawan [13],
Harnas [14], Coo [15], Ng [16]), physical models (e.g., Zhan [17], Ng [18]) and numerical simulations
(e.g., Aubertin [19], Zhang [20], Li [21], Zhan [22]). However, rainfall intensity normally varies within
rainfall duration in reality and exhibits different patterns (e.g., an advanced rainfall pattern, normal
rainfall pattern and delayed rainfall pattern) [23–28]. Thus, whether and to what extent rainfall patterns
influence the behaviour and performance of the CBCs are still unclear. Furthermore, it has remained
unknown that under which rainfall pattern the performance of the CBCs is the worst and therefore
results in the lack of a designing method that appropriately takes into account the worst rainfall
condition [29,30].
To this end, the aim of this study is to investigate the behaviour of CBCs subjected to rainfall with
different patterns, and subsequently, identify the rainfall pattern, under which the performance of the
CBC subjected to rainfall is the worst. To achieve this goal, a series of laboratory infiltration tests were
conducted in this study, and the results will be helpful for the practical design of the CBCs.
2. Methods and Materials
Figure 1 shows the procedure of this study. Firstly, a soil column apparatus that can consider
different patterns of rainfall was developed in this study. Using this newly developed apparatus,
three series of laboratory soil column tests with different total amounts of rainfall were conducted
on a CBC system. In each series, two cases with different rainfall duration, were considered. In each
case, the behaviour of the CBC under four representative rainfall patterns were examined, respectively.
By comparing the behaviour of the CBC under different rainfall patterns, the effect of rainfall pattern
on the behaviour and performance of the CBC were discussed and the most adverse rainfall pattern
for the CBC subjected to rainfall was determined.
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2.1. Materials
2.1. Materials
In this study, two types of soil, namely fine sand and gravelly sand, were used to construct a
In this study, two types of soil, namely fine sand and gravelly sand, were used to construct a
two-layer CBC in an infiltration column, as they were commonly adopted for CBC construction in
two-layer CBC in an infiltration column, as they were commonly adopted for CBC construction in
previous studies [4,11–13]. The fine sand was a light brown construction sand and was used as the
previous studies [4,11–13]. The fine sand was a light brown construction sand and was used as the
upper fine layer of the CBC. The gravelly sand was grey in colour and was used as the underlying
upper fine layer of the CBC. The gravelly sand was grey in colour and was used as the underlying
coarse layer of the CBC. The two sand layers were all obtained commercially; their basic properties
coarse layer of the CBC. The two sand layers were all obtained commercially; their basic properties
are summarised in Table 1. The particle-size distribution of the two sands was measured using the
are summarised in Table 1. The particle-size distribution of the two sands was measured using the
sieving method. Both sands have a uniform distribution in particle size. The fine sand has particles
sieving method. Both sands have a uniform distribution in particle size. The fine sand has particles
sized around 0.15 mm, and the gravelly sand particle size is distributed between 1 mm and 5 mm.
sized around 0.15 mm, and the gravelly sand particle size is distributed between 1 mm and 5 mm.
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Table 1. Basic properties of materials used in the study.
Table 1. Basic properties of materials used in the study.

Fine Sand
Dry density,

ρd

(g/cm3)

Gravelly Sand

Fine Sand

Gravelly Sand

1.38

1.38
Dry density, ρd
Gs
Specific
Specific
gravity,gravity,
Gs
2.622 2.622
Saturated
permeability,
Ks (cm/s)K (cm/s)
3.48 ×3.48
10−3× 10−3
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s
(g/cm3 )

1.53

1.53

2.533
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−1
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−1
5.63
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Table 2. Van Genuchten equation fitting parameters of soils.
Table 2. Van Genuchten equation fitting parameters of soils.
Symbol

Fine Sand

Symbol

Fine Sand

θs
θr

0.4501
0.0281
0.3301
0.0281
2.4651
0.3301
0.5943

Saturated volumetric water content
θ
Saturated volumetric water content s
Residual volumetric water content
θr
Residual volumetric water content a
V-G fitting parameters
n
m

0.4501

Gravelly Sand

Gravelly Sand
0.3706
0.0281
1.1581
0.0281
3.5066
1.1581
0.7148

0.3706

a
V-G fitting parameters
n
2.4651
3.5066
m
0.5943
0.7148
The saturated permeability for the fine sand and gravelly sand was measured in the laboratory
using the constant head method as described in the standard of people’s republic of China [34]. The fine
The saturated permeability for the fine sand and gravelly sand was measured in the laboratory
sand had a saturated permeability of 3.48 × 10−3 cm/s at a dry density of 1.38 g/cm3 and the gravelly
using the constant head method as described in
the standard of people’s republic of China [34]. The
sand had a saturated permeability of 5.63 × 10−1 cm/s at a dry density of 1.53 g/cm3 .
fine sand had a saturated permeability of 3.48 × 10−3 cm/s at a dry density of 1.38 g/cm3and the gravelly
The unsaturated hydraulic conductivity function for the soils, which accounts for the variation of
sand had a saturated permeability of 5.63 × 10−1 cm/s at a dry density of 1.53 g/cm3.
hydraulic conductivity with matric suction of the soil, were predicted using the SWCCs and saturated
The unsaturated hydraulic conductivity function for the soils, which accounts for the variation
permeability of the soil using the Mualem [35] formulation. Figure 3 shows the unsaturated hydraulic
of hydraulic conductivity with matric suction of the soil, were predicted using the SWCCs and
conductivity functions for the fine and gravelly sand. As can be seen from Figure 3, when the matric
saturated permeability of the soil using the Mualem [35] formulation. Figure 3 shows the unsaturated
suction is relatively high, the hydraulic conductivity of the gravelly sand is lower than that of the fine
hydraulic conductivity functions for the fine and gravelly sand. As can be seen from Figure 3, when
sand. Thus, the infiltrated rainwater can be impeded at the interface of the fine–coarse soil layer and
the matric suction is relatively high, the hydraulic conductivity of the gravelly sand is lower than that
stored temporarily in the fine sand layer [21]. This suggests that the adopted materials are suitable for
of the fine sand. Thus, the infiltrated rainwater can be impeded at the interface of the fine–coarse soil
constructing a CBC system.
layer and stored temporarily in the fine sand layer [21]. This suggests that the adopted materials are
suitable for constructing a CBC system.
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Figure 3. Unsaturated hydraulic conductivity functions for the fine sand and gravelly sand.
Figure 3. Unsaturated hydraulic conductivity functions for the fine sand and gravelly sand.

2.2. Test Apparatus
2.2. Test Apparatus
A soil column testing apparatus was developed to carry out rainfall infiltration tests (Figure 4).
A soil column
testing
developed ato transparent
carry out rainfall
infiltration
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of apparatus
two mainwas
components:
acrylic
cylinder tests
and (Figure
a rainfall
This
apparatus
consists
of
two
main
components:
a
transparent
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cylinder
and
a
rainfall
simulating system.
simulating
system. acrylic cylinder is used to accommodate a two-layer soil column that forms the
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column
thatand
forms
capillary barrier coveracrylic
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wall
thickness
of 10
mm.(CBC).
Eight holes
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along one
side
of the
to install
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wall
thicknesspore
of 10 water
mm. Eight
holesduring
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alonginfiltration
one side of tests.
the cylinder
install tensiometers
for
measuring
pressure
the rainfall
On thetoopposite
side of the
for
measuring
pore
water
pressure
during
the
rainfall
infiltration
tests.
On
the
opposite
side of the
cylinder, another eight holes at the same elevation were drilled to install time-domain reflectometry
cylinder,
another eight
holes atwater
the same
elevation
drilledinfiltration
to install time-domain
reflectometry
(TDR)
for measuring
volumetric
content
duringwere
the rainfall
tests. At the bottom
of the
(TDR)
for
measuring
volumetric
water
content
during
the
rainfall
infiltration
tests.
At
the
bottom
of
cylinder, two outlets were provided and connected to a tank through a hosepipe to collect percolation
the
cylinder,
two
outlets
were
provided
and
connected
to
a
tank
through
a
hosepipe
to
collect
during the rainfall tests. Another outlet was also provided at the surface of the soil column to collect
percolation
the rainfall
runoff
duringduring
the rainfall
tests. tests. Another outlet was also provided at the surface of the soil
column
to
collect
runoff
during
the rainfall
tests.
The rainfall simulating system
is placed
on the top of the soil column to provide rainfall with
different patterns. This uses a vacuum pump to supply water to a circular pipe, which is dripped from
the holes in the pipe to the plastic plate underneath that has a number of small, uniformly distributed,
holes, which produce a spatially uniform rainfall. The vacuum pump can be controlled by the computer
to provide variable pumping rates with time to simulated different patterns of rainfall (Figure 4).
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Figure 4. Soil column testing apparatus (mm).
Figure 4. Soil column testing apparatus (mm).

2.3. Instrumentation
The rainfall simulating system is placed on the top of the soil column to provide rainfall with
Measuring devices installed in the two-layer column are comprised of tensiometers for measuring
different patterns. This uses a vacuum pump to supply water to a circular pipe, which is dripped
pore water pressure, time domain reflectometry (TDR) sensors for volumetric water content
from the holes in the pipe to the plastic plate underneath that has a number of small, uniformly
measurement, and electronic scales for runoff and percolation measurement (Figure 5).
distributed, holes, which produce a spatially uniform rainfall. The vacuum pump can be controlled
The tensiometers (Figure 5c, Techno Solutions Corporation, Beijing, China) is 19.1 mm in diameter
by the computer to provide variable pumping rates with time to simulated different patterns of
and 82.6 mm in length. The measurement range of the tensiometers is from −200 kPa to 0 kPa.
rainfall (Figure 4).
The TDR used in this study is the CS616 (Figure 5d, Campbell Scientific, Inc., Logan, UT, USA).
The accuracy of the TDR is 0.05% VWC, and the resolution is 0.1% VWC.
2.3. Instrumentation
The Electronic balances (Figure 5e, Haozhan Balance instrument Corporation, Ruian, China)
devicestheinstalled
in percolation
the two-layer
columnrunoff.
are comprised
of tensiometers
wereMeasuring
used to measure
amount of
and surface
The measurement
ranges offor
the
measuring
pore
water
pressure,
time
domain
reflectometry
(TDR)
sensors
for
volumetric
water
electronic balance are from 0 to 15 kg with an accurate to 0.1 g.
content
electronic
scales for runoff
and percolation
(Figure Scientific,
5).
Allmeasurement,
the measuringand
devices
were connected
to a CR1000
data loggermeasurement
(Figure 5f, Campbell
Inc, Logan, UT, USA), The data logger was connected to a computer to record data automatically.
All the instruments were calibrated, and the measurement accuracy was within the specified range.
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Table 3. Design of rainfall infiltration tests.

2.4. Test Programme
Series

Total Rainfall Amount (mL)

Cases

Rainfall Duration (min)

Rainfall Patterns

To investigate the behaviour and performance of CBCs subjected to different rainfall patterns,
1
120
four typical
representative
12,000rainfall patterns found in natural conditions, namely advanced, normal,
I
400
delayed and uniform (Figure 6) were employed2[23–28]. Three series
of infiltration tests
with different
Advanced
1
90
Normal
total volume of rainfall were designed, and series 2 and 3 were designed as parallel experiments for
9000
II
Uniform
series 1. In each series, 2 cases with different rainfall
durations were
two typical
2
300 involved to represent
Delayed
rainfall conditions in tropical regions (e.g., South
China,
Malaysia,
Singapore)
[21,36,37].
Case 1
1
60
6000
III
represents a rainfall event with a relatively short duration and Case 2 represents a rainfall event with
2
200
a relatively long duration. In each case, the total volume of rainfall and the rainfall duration remained
unchanged, while the patterns of rainfall were altered, and the behaviour of CBC under various
rainfall patterns were examined, respectively. Through the comparison of the results, the effect of

I

12,000

II

9000

III 12, 3133
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Figure 6.
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2.5. Test Procedure
2.5. Test Procedure
The fine and gravelly sand were firstly oven-dried and densified to the desired dry density stated
The fine and gravelly sand were firstly oven-dried and densified to the desired dry density
in Section 2.1, which are equal to those used in the SWCC and hydraulic conductivity tests. Then,
stated in Section 2.1, which are equal to those used in the SWCC and hydraulic conductivity tests.
the two soils were mixed with a predetermined volume of water to obtain initial volumetric water
Then, the two soils were mixed with a predetermined volume of water to obtain initial volumetric
contents of 0.062 and 0.04 for the fine and gravelly sand, respectively.
water contents of 0.062 and 0.04 for the fine and gravelly sand, respectively.
Subsequently, the prepared soils were used to construct a two-layer CBC, consisting of a 170 mm
Subsequently, the prepared soils were used to construct a two-layer CBC, consisting of a 170
fine sand layer overlying a 430 mm gravelly sand layer. The gravelly sand layer was packed from the
mm fine sand layer overlying a 430 mm gravelly sand layer. The gravelly sand layer was packed from
bottom of the cylinder in two lifts and the fine sand layer was packed in five lifts on the top surface of
the bottom of the cylinder in two lifts and the fine sand layer was packed in five lifts on the top
the gravelly sand layer. The soils were carefully placed in 100 mm lifts into the cylinder. After the
surface of the gravelly sand layer. The soils were carefully placed in 100 mm lifts into the cylinder.
placement of each lift, a proctor hammer was used to compact the soil to the prescribed dry density,
After the placement of each lift, a proctor hammer was used to compact the soil to the prescribed dry
which are the same as those used in the SWCC and hydraulic conductivity tests. The number of
density, which are the same as those used in the SWCC and hydraulic conductivity tests. The number
hammer-drops during the compaction was predetermined by trial compaction tests for each soil.
of hammer-drops during the compaction was predetermined by trial compaction tests for each soil.
During the construction of the CBC, the measuring devices (tensiometers and TDR) were installed
During the construction of the CBC, the measuring devices (tensiometers and TDR) were
in the CBC at elevations of 0.04 m, 0.09 m, 0.14 m, 0.18 m, 0.23 m, 0.3 m, 0.4 m and 0.5 m through
installed in the CBC at elevations of 0.04 m, 0.09 m, 0.14 m, 0.18 m, 0.23 m, 0.3 m, 0.4 m and 0.5 m
the holes in the cylinder. The installation was carried out during the soil compaction to ensure good
through the holes in the cylinder. The installation was carried out during the soil compaction to
contact between the measuring devices and the soils. Each measuring device was connected to the data
ensure good contact between the measuring devices and the soils. Each measuring device was
logger, and the data logger was connected to a personal computer to record measuring data during
connected to the data logger, and the data logger was connected to a personal computer to record
the rainfall event. The layout of the measuring devices is shown in Figure 5. The outlet at the top
measuring data during the rainfall event. The layout of the measuring devices is shown in Figure 5.
surface of the fine sand layer was connected to a container through flexible tubing, which was placed
on an electronic balance scale to measure the volume of runoff during the rainfall event. The other
two outlets at the bottom of the cylinder were also connected to a container through a flexible tube.
The container was placed on an electronic balance to record the percolation during the rainfall event.
When the initial readings of the measuring devices were stable, a series of rainfall infiltration tests
designed in Section 2.4 (Table 3) were then conducted using the rainfall simulating system.
3. Results and Discussion
Results from series two and three are similar to that of series one. Due to the constraints of this
paper, only the results from series one were presented in this study.
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3.1. Rainfall Duration Is Relatively Short
Results from series1—case1 were selected to capture the CBC behaviour under a rainfall event
with a relatively short duration. In this case, the rainfall patterns were changed with the total rainfall
volume (12,000 mL) and duration (120 min) remaining constant.
3.1.1. Variation of Volumetric Water Content with Time
The comparisons between volumetric water contents (VWCs) at various positions of the soil
column under different rainfall patterns are presented in Figure 7. At the middle of the fine sand layer
(tensiometer R2, z = 0.4 m), the VWCs remained unchanged at the initial values in the early stages of
rainfall in all four rainfall patterns (Figure 7a). This indicates that rainwater had not yet reached this
position. VWCs began to increase rapidly at 540 s, 1080 s, 1620 s and 2160 s for the advanced, uniform,
normal and delayed rainfall patterns, respectively, up to a value of approximately 0.45, after which
the VWCs all maintained approximately constant readings for a period, with small fluctuations. It is
interesting to note that, at the end of rainfall events, VWCs in the advanced and normal rainfall patterns
showed a decreasing trend. This may be because the rainfall intensity is lower than the infiltration
capacity of soils at the end of the advanced and normal rainfall patterns. However, in the uniform
and delayed rainfall patterns, VWCs did not change as the rainfall intensity is higher than infiltration
capacity of soils.
Figure 7b presents the VWCs variation near the interface of the fine–coarse sand layers in the fine
sand (tensiometer R5, z = 0.18 m). The VWCs remained almost unchanged during the initial stage
in the rainfall, then the VWCs started to increase dramatically at 1890 s, 2700 s, 3510 s and 4320 s for
the advanced, uniform, normal and delayed rainfall patterns, respectively. Afterwards, the VWCs
remained almost at a constant value during the rest of rainfall time in all rainfall patterns. For the
VWCs in the coarse sand layer shown in Figure 7c,d (tensiometer R6, z = 0.14 m and tensiometer R7,
z = 0.09 m), a similar trend was observed. At the initial stage, the VWCs remained nearly at a constant
value for a period, then increased sharply first in the advanced pattern, followed by the uniform,
normal and delayed rainfall patterns. Subsequently, the VWCs remained approximately unchanged
until the end of rainfall.
In summary, the influence of rainfall patterns on the VWCs is obvious in the upper part of the soil
column, while that is insignificant in the lower part of the soil column.
3.1.2. Pore Water Pressure Profiles
During the first 1620 s of the advanced rainfall pattern (Figure 8a), rainwater rapidly moves to the
bottom of the fine sand layer and the PWP increased dramatically along the entire fine sand layer. In contrast,
the PWP in the coarse sand layer decreased slightly due to downward gravity flow of water. This suggests
that the capillary barrier was formed at the fine–coarse interface that prevented rainwater in the fine sand
layer infiltrating the coarse sand layer. At the middle stage of rainfall, the PWP along the whole soil column
increased rapidly, which indicates that the capillary barrier was broken and that rainwater had infiltrated
the coarse sand layer. At the final stage of rainfall, the PWP at the upper part of the soil column decreased
gradually, in accordance with the decrease in rainfall intensity at the end of the advanced rainfall pattern,
however the decrease in PWP in the lower part of the soil column was not obvious.
The PWP increased in the upper part of the fine sand layer during the initial 1620 s of subjection
to uniform rainfall (Figure 8b); this means that the rainwater has not reached the bottom of fine
sand. However, an increase was also observed in the fine soil layer near the sand interface, and the
PWP decreased slightly in the coarse sand layer. This can be explained by the downward gravity
flow that occurred in the fine sand layer as uniform distributed pore water pressure was set initially.
The gravity flow was then prevented by the capillary barrier that formed at and accumulated near
the interface. In the middle of the rainfall, the PWP increased along the whole soil column and
subsequently remained approximately constant until the end of rainfall.
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3.1.2. Pore Water Pressure Profiles
During the first 1,620 s of the advanced rainfall pattern (Figure 8a), rainwater rapidly moves to
the bottom of the fine sand layer and the PWP increased dramatically along the entire fine sand layer.
In contrast, the PWP in the coarse sand layer decreased slightly due to downward gravity flow of
water. This suggests that the capillary barrier was formed at the fine–coarse interface that prevented
rainwater in the fine sand layer infiltrating the coarse sand layer. At the middle stage of rainfall, the
PWP along the whole soil column increased rapidly, which indicates that the capillary barrier was
broken and that rainwater had infiltrated the coarse sand layer. At the final stage of rainfall, the PWP
at the upper part of the soil column decreased gradually, in accordance with the decrease in rainfall
intensity at the end of the advanced rainfall pattern, however the decrease in PWP in the lower part
of the soil column was not obvious.
The PWP increased in the upper part of the fine sand layer during the initial 1620 s of subjection
to uniform rainfall (Figure 8b); this means that the rainwater has not reached the bottom of fine sand.
However, an increase was also observed in the fine soil layer near the sand interface, and the PWP
decreased slightly in the coarse sand layer. This can be explained by the downward gravity flow that
occurred in the fine sand layer as uniform distributed pore water pressure was set initially. The
gravity flow was then prevented by the capillary barrier that formed at and accumulated near the
interface. In the middle of the rainfall, the PWP increased along the whole soil column and
subsequently remained approximately constant until the end of rainfall.

Figure 8. Pore water pressure profiles under relatively short rainfall duration. (a) Advanced,
Figure 8. Pore water pressure profiles under relatively short rainfall duration. (a) Advanced, (b)
(b) Uniform, (c) Normal and (d) Delayed.
Uniform, (c) Normal and (d) Delayed.

At the initial stage of the normal rainfall pattern (Figure 8c), rainwater infiltrated the bottom of
the fine sand layer at a lower rate than that of the advanced and uniform rainfall patterns, and a rapid
increase was observed in the upper part of the fine sand layer. Meanwhile, the PWP in the coarse
sand layer decreased slightly. In the middle of the rainfall, the PWP along the whole soil column
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At the initial stage of the normal rainfall pattern (Figure 8c), rainwater infiltrated the bottom of
the fine sand layer at a lower rate than that of the advanced and uniform rainfall patterns, and a rapid
increase was observed in the upper part of the fine sand layer. Meanwhile, the PWP in the coarse
sand layer decreased slightly. In the middle of the rainfall, the PWP along the whole soil column
increased rapidly. As with the normal rainfall pattern, the PWP at the upper region of the fine sand
layer decreased for the rainfall intensity diminished at the end of the normal rainfall pattern, and the
PWP at the lower part of the soil column decreased little.
The delayed rainfall pattern (Figure 8d) showed a similar trend to the uniform rainfall pattern.
At the initial stage, rainwater infiltrated downward at the slowest rate of all the other rainfall patterns,
and the PWP in the fine sand layer increased gradually. Furthermore, in the coarse sand layer, the PWP
decreased slightly due to the water redistribution under gravity. During the middle period of rainfall,
the PWP along the whole soil column increased greatly, and remained at almost a constant value until
the rainfall ended. This is because the rainfall intensity is largest at the end of the delayed rainfall
pattern, which is higher than the infiltration capacity of the soil.
3.1.3. Breakthrough Time and Percolation
Breakthrough time refers to the time it takes for rainwater to move across the interface into the
underlying coarse sand layer. This can be estimated using the trend of change in VWCs near the
interface in the coarse sand layer. The advanced rainfall pattern (Figure 7c) exhibits a sudden increase
in VWCs at the nearest sensor to the interface (30 mm below the interface) after 2070 s of rainfall,
this indicates that the rainwater started to break through the interface and move into the coarse sand
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3.2. Rainfall Duration Is Relatively Long
Results from series1—case2 were selected to capture the CBC behaviour under a rainfall event
with a relatively long duration. In this case, the rainfall patterns were changed with the total rainfall
volume (12,000 mL) and duration (400 min) remained constant.
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3.2. Rainfall Duration Is Relatively Long
Results from series1—case2 were selected to capture the CBC behaviour under a rainfall event
with a relatively long duration. In this case, the rainfall patterns were changed with the total rainfall
volume (12,000 mL) and duration (400 min) remained constant.
3.2.1. Variation of Volumetric Water Content with Time
Figure 10 presents the measurements of volumetric water content at different elevations of the
soil column under different rainfall patterns. At the middle of the fine sand layer (tensiometer R2,
z = 0.4 m), the VWCs were almost unchanged at the initial stage of rainfall in four rainfall patterns,
indicating that the rainfall water had not reached this position (Figure 10a). At an elapsed time of 1620,
1710, 3420 and 5130 s, for the advanced, uniform, normal and delayed rainfall patterns, respectively,
the VWCs started to increase dramatically. In the advanced and normal rainfall patterns the VWCs
decreased gradually until the rainfall ended, while the VWCs continued to increase throughout the
remainder of the rainfall in the delayed rainfall pattern, in addition, the VWCs maintained a roughly
constant value until the end of rainfall in the uniform rainfall pattern. The variations indicate that the
Water 2020, 12, x FOR PEER REVIEW
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VWCs at the middle of the fine sand layer were affected by rainfall patterns.
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illustrates that the VWCs along the whole soil were significantly affected by rainfall patterns.

3.2.2. Pore Water Pressure Profiles
During the first 3420 s of the advanced rainfall pattern (Figure 11a), the PWP in the fine sand
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increase, the uniform rainfall pattern maintains an approximately constant value. This illustrates that
the VWCs along the whole soil were significantly affected by rainfall patterns.
3.2.2. Pore Water Pressure Profiles
During the first 3420 s of the advanced rainfall pattern (Figure 11a), the PWP in the fine sand
layer above and below the elevation of 0.23 m increased rapidly, but no change was observed at the
elevation of 0.23 m. However, in the coarse sand layer, the PWP decreased slightly. The increase
in PWP in the upper region resulted from rainwater infiltration. In contrast, the increase observed
in the lower part of the fine sand was due to downward flow of the water under gravity that was
then prevented by a capillary barrier effect formed at the interface. Subsequently, this resulted in the
decrease in PWP in the coarse sand. In the middle of the rainfall, the PWP along the whole soil column
increased rapidly. However, during the latter stages of rainfall, the PWP decreased gradually along the
Water 2020, 12, x FOR PEER REVIEW
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whole soil column.

Figure 11. Pore water pressure profiles under relatively long rainfall duration. (a) Advanced,
Figure 11. Pore water pressure profiles under relatively long rainfall duration. (a) Advanced, (b)
(b) Uniform, (c) Normal and (d) Delayed.
Uniform, (c) Normal and (d) Delayed.

For the uniform, normal and delayed rainfall patterns (Figure 11b–d), similar trends were observed
For the uniform, normal and delayed rainfall patterns (Figure 11b–d), similar trends were
at the initial and middle stages of rainfall. During the initial period, the PWP in the fine sand layer
observed at the initial and middle stages of rainfall. During the initial period, the PWP in the fine
increased at a fast rate, while that in the coarse sand layer decreased slightly. At the middle stage
sand layer increased at a fast rate, while that in the coarse sand layer decreased slightly. At the middle
of rainfall, the PWP along the whole of the soil column increased dramatically regardless of rainfall
stage of rainfall, the PWP along the whole of the soil column increased dramatically regardless of
patterns. At the latter stages of rainfall, PWP varied between rainfall patterns. The PWP remained
rainfall patterns. At the latter stages of rainfall, PWP varied between rainfall patterns. The PWP
approximately unchanged until the end of the uniform rainfall, decreased gradually along the whole
remained approximately unchanged until the end of the uniform rainfall, decreased gradually along
soil column during normal rainfall, and increased along the whole soil column during delayed rainfall.
the whole soil column during normal rainfall, and increased along the whole soil column during
delayed rainfall. The PWP along the whole soil column showed a similar trend to that of the rainfall
intensity variation at the end of rainfall patterns.

3.2.3. Breakthrough Time and Percolation
The breakthrough times were estimated to be t = 5130 s, t = 7560 s, t = 9090 s and t = 11,970 s for
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The PWP along the whole soil column showed a similar trend to that of the rainfall intensity variation
at the end of rainfall patterns.
3.2.3. Breakthrough Time and Percolation
The breakthrough times were estimated to be t = 5130 s, t = 7560 s, t = 9090 s and t = 11,970 s for
the advanced, uniform, normal and delayed rainfall patterns, respectively (Figure 10c).
Like short time rainfall, the advanced rainfall pattern required the shortest amount of time to
break through the capillary barrier cover, and the delayed rainfall pattern took the longest time,
with the two remaining patterns falling in between. The advanced rainfall pattern resulted in the
Water 2020, 12, x FOR PEER REVIEW
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and finally the delayed rainfall pattern (0.00762 m ) (Figure 12).
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3.3. Effect of Rainfall Patterns on the Behaviour of CBC

3.3.1. VWCs and PWP
3.3. Effect of Rainfall Patterns on the Behaviour of CBC
Test results (Figures 7 and 8) indicate that when rainfall duration is relatively short, the change in
VWCs
and and
PWPPWP
at the upper part of the capillary barrier cover are influenced by the rainfall pattern.
3.3.1. VWCs
However, at the lower part of the CBC, there is no significant influence of rainfall pattern on the
Test results (Figures 7 and 8) indicate that when rainfall duration is relatively short, the change
VWCs and PWP, as evidenced by the fact that the trend of change in VWCs and PWP are similar
in VWCs and PWP at the upper part of the capillary barrier cover are influenced by the rainfall
for the four rainfall patterns. Figures 10 and 11 indicate that, when rainfall duration is relatively
pattern. However, at the lower part of the CBC, there is no significant influence of rainfall pattern on
long, the VWCs and PWP in the capillary barrier cover are all significantly influenced by the rainfall
the VWCs and PWP, as evidenced by the fact that the trend of change in VWCs and PWP are similar
pattern, as the change of VWCs and PWP followed the pattern of rainfall. In summary, the rainfall
for the four rainfall patterns. Figures 10 and 11 indicate that, when rainfall duration is relatively long,
patterns affect the VWCs and PWP in the capillary barrier cover differently under different rainfall
the VWCs and PWP in the capillary barrier cover are all significantly influenced by the rainfall
conditions. When rainfall duration is relatively short, rainfall patterns only influence the upper part
pattern, as the change of VWCs and PWP followed the pattern of rainfall. In summary, the rainfall
of the capillary barrier cover. However, when rainfall duration is relatively long, rainfall patterns
patterns affect the VWCs and PWP in the capillary barrier cover differently under different rainfall
can significantly influence the whole capillary barrier cover. This is because the short time rainfall
conditions. When rainfall duration is relatively short, rainfall patterns only influence the upper part
has a relatively high intensity of rainfall, which can result in rapid saturation of the soil at the upper
of the capillary barrier cover. However, when rainfall duration is relatively long, rainfall patterns can
region of the capillary barrier cover. Thus, the infiltration rate in the upper soil changes with the
significantly influence the whole capillary barrier cover. This is because the short time rainfall has a
saturation permeability of the upper soil, and the rainwater, which cannot infiltrate the upper soil,
relatively high intensity of rainfall, which can result in rapid saturation of the soil at the upper region
will produce runoff at the surface of the capillary barrier cover. The VWCs and PWP in the lower part
of the capillary barrier cover. Thus, the infiltration rate in the upper soil changes with the saturation
of the capillary barrier cover were influenced by the incoming rainwater from the upper soil, and so
permeability of the upper soil, and the rainwater, which cannot infiltrate the upper soil, will produce
runoff at the surface of the capillary barrier cover. The VWCs and PWP in the lower part of the
capillary barrier cover were influenced by the incoming rainwater from the upper soil, and so they
will be more influenced by the saturation permeability of the upper soil and less affected by the
rainfall patterns. However, when rainfall duration is long, the rainfall intensity is relatively low, so
the rainwater can fully infiltrate the capillary barrier cover during the rainfall period. When the
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they will be more influenced by the saturation permeability of the upper soil and less affected by the
rainfall patterns. However, when rainfall duration is long, the rainfall intensity is relatively low, so the
rainwater can fully infiltrate the capillary barrier cover during the rainfall period. When the rainfall
intensity varies with time, the VWCs and PWP in the capillary barrier cover will also be affected by the
rainfall pattern. This phenomenon has also been evidenced by the field data reported by Bosse [38].
3.3.2. Breakthrough Time
Rainfall patterns affect the breakthrough time (Figures 9 and 12), as the breakthrough time for
different rainfall patterns are different regardless of rainfall durations. For both rainfall durations,
breakthrough time was observed to be the earliest for the advanced rainfall pattern, followed by
uniform, normal and delayed rainfall patterns, respectively. The rainfall intensity for the advanced
rainfall pattern is relatively high during the early stages of rainfall, and therefore it takes a relatively
short time for rainwater to break through the interface. Conversely, the highest rainfall intensity
appears at the end of rainfall for the delayed rainfall pattern, and therefore the time to break through
the interface is longer.
3.3.3. Percolation
As can be seen from Figures 9 and 12, the percolation of the CBC is also affected by the patterns of
rainfall. For both rainfall durations, the advanced rainfall pattern resulted in the largest percolation,
whereas the delayed rainfall pattern resulted in the least percolation. In addition, the difference of
percolation between advanced and delayed rainfall patterns is influenced by rainfall durations. For a
relatively short rainfall duration, the advanced rainfall pattern produced the percolation nearly three
times that of the delayed rainfall pattern, while for a relatively long rainfall duration, the advanced
and delayed rainfall pattern show limited difference in producing percolation.
This may be due to the fact that, under the advanced rainfall pattern, the highest rainfall intensity
occurs in the early stage of rainfall, when the infiltration capacity of the ground surface soil is also
higher. Therefore, a large volume of rainfall will infiltrate the CBC. By contrast, the greatest rainfall
intensity in the delayed rainfall pattern appears at the end when the infiltration capacity of the ground
surface soil is the lowest, and therefore only a small volume of rainwater will be absorbed into the
CBC. As the total volume of rainfall is equal, the advanced rainfall pattern will absorb more rainwater
into the CBC and thus produce more percolation. When rainfall duration is relatively long, the rainfall
intensity is relatively low, and the rainwater will completely infiltrate the CBC regardless of the rainfall
patterns. By contrast, when rainfall duration is relatively short, the rainfall intensity is relatively high
and runoff is expected during the rainfall period. Therefore, the effect of the rainfall patterns on the
percolation is less significant under prolonged rainfall conditions than short time rainfalls.
3.4. Effect of Rainfall Patterns on the Performance of Capillary Barrier Covers
The breakthrough time and the volume of percolation are used as criteria for evaluating the
performance of the capillary barrier covers under rainfall conditions. The capillary barrier cover was
more prone to being broken through when subjected to advanced rainfall patterns and appears to be
more effective under delayed rainfall patterns (Figures 9 and 12). The greatest and lowest volumes of
percolation were generated under advanced and delayed rainfall patterns, respectively. These data
indicate that capillary barrier covers are least efficient at preventing rainwater infiltration under
advanced rainfall patterns, and were most effective versus delayed rainfall patterns, as the delayed
rainfall pattern results in both the longest breakthrough time and the least volume of percolation,
with the advanced rainfall pattern producing the least desirable results. Therefore, the advanced
rainfall pattern can be considered the worst-case scenario when compared with the other tested rainfall
patterns. Thus, in the designing of the capillary barrier covers, attention should not only be paid to the
total volume and duration of rainfall but also the rainfall patterns.
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4. Conclusions
In this study, a series of laboratory infiltration tests were conducted to clarify the effect of rainfall
patterns on the behaviour and performance of the CBC and identify the most adverse rainfall pattern
for the CBCs. The conclusions can be drawn as follows:
(1) Rainfall patterns can affect the VWC and PWP of the CBC. When rainfall duration is relatively
short, the effect of rainfall patterns on the VWCs and PWP are significant in the upper region of the
soil column, but not obvious in the lower part. By contrast, when rainfall duration is relatively long,
the VWCs and PWP of the whole soil column show different trends in accordance with rainfall patterns.
(2) Rainfall patterns can also affect the volume of percolation and breakthrough time of the CBC.
The advanced rainfall pattern generates the greatest volume of percolation, and results in the shortest
breakthrough time, whereas the delayed rainfall pattern generates the smallest volume of percolation
and results in the longest breakthrough time.
(3) The results of percolation and breakthrough time indicate that the CBC works more effectively
under delayed rainfall patterns and is less efficient under the advanced rainfall pattern. Thus,
the advanced rainfall pattern is the worst-case scenario for capillary barrier covers subjected to rainfall.
The results imply the necessity of involvement of rainfall patterns in the study of the CBCs
subjected to rainfall and meanwhile provide helpful insight for the practical design of CBCs. The field
factors (e.g., steepness, surface erosion and dimensional effect of the CBC), that are not considered in
this study will be further investigated. In addition, the validation of this study with actual cases will
be conducted in the future study.
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