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Abstract: To assess the influence of an intermediate coarse layer on the slope stability during heavy
rainfall, knowledge about water movement and how slope failure occurs is important. To clarify the
characteristics of water infiltration in a multi-layered slope and assess its influence on the slope failure
modes, eight groups of physical slope models were investigated. It was found that the unsaturated
hydraulic conductivity in the coarse layer (5.54 × 10−6 cm/s) was much lower than that of the fine
layer (1.08 × 10−4 cm/s), which resulted in the capillary barrier working at a lower water content.
Intermediate coarse layers embedded between finer ones may initially confine the infiltration within
the overlying finer layers, delaying the infiltration and eventually inducing a lateral flow diversion in
the inclined slope. Two different failure modes occurred in the model experiments: surface sliding
occurred at the toe in the single-layer slope group and piping occurred at the toe in the multi-layered
slope as the rainfall water accumulated, was diverted along the interface, and then broke through in
the downslope direction of the intermediate coarse layer. The lateral flow diversion caused by the
capillary barrier and the tilt angle may be the major factors influencing the difference of the failure
modes. The result also revealed that the coarser layers may have negative effects on the slope stability.

Keywords: unsaturated soil; capillary barrier; multi-layer slope; slope failure

1. Introduction

Rainfall-induced slope failure is one of the most destructive natural disasters that occur in shallow
natural slopes. The impacts of such catastrophic events are known, but these recurring natural hazards
still result in many significant casualties and economic losses [1,2].

This study deals with a slope consisting of a fine layer and an intermediate coarse layer.
The presence of soil layers with different unsaturated hydraulic conductivities in a shallow depth of soil
affects the process of water infiltration, distribution, and pore water pressure in the slope, which results
in different failure modes [3]. Rainfall infiltration water is due to the build-up of capillary barriers [4],
which accumulate at the interface between fine and coarser soil layers. The capillary barrier effect has
been widely studied in terms of its use in cover systems in waste disposal sites [5,6], whilst more recent
research has focused on slope stabilization [7].
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Capillary barriers can maintain a high degree of saturation in the soil above them, which results
in different failure parts in a multi-layer slope [8]. These phenomena are related to the capillary
tension, which limits the downward movement of the wetting front from a finer soil into underlying
coarser soil. In an inclined interface, under continuous water infiltration from the slope surface,
the accumulated water above the interface between the fine and the coarse material leads to the
formation of a gravity-driven sub-surface water flow along the interface. This depends on the
geometrical or boundary variations, at a certain distance downslope, often reported as the “diversion
length”, which can be estimated using a model proposed by Ross [9]. In natural slopes, characterized
by a length in the order of hundreds of meters and an irregular layer geometry, the conditions leading
to the penetration of infiltrating water into the underlying coarse layer are mainly governed by the
materials, slope angle, and infiltration rate [10].

In some field investigations, a multi-layered slope with different hydraulic conductivities is
a common situation in layered hillside slopes. Such a slope consists of fine sand deposits and
medium-coarse sand deposits that are a few meters thick [11]. Additionally, the inclined angles range
from 10 to 35 degrees. The coarse sand deposits involved have been found to have large pores and
a higher hydraulic conductivity in a saturated condition, which have an important influence on the
subsurface water flow and water content distribution during the infiltration, steady percolation, and
drainage [12,13]. A schematic of a three-layer distribution in a slope is presented in Figure 1.
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Figure 1. (a) Schematic profile of a multi-layered slope; (b) a description of the geometry of a
multi-layered slope.

Many previous field investigations have been conducted and have found that layered soil influences
the process of rainfall water movement and the distribution of water content, which determines the
slope failure. However, clarifying the influence of an intermediate coarse layer on slope failure is still
a complex issue, since many uncontrollable factors exist in a natural slope, such as the slope angle,
rainfall intensity, etc. Hence, slope model experiments replacing field monitoring have been conducted,
as these allow the same slope in different conditions to be investigated, reduce the cost by reducing the
duration, and consider variable slope types [14].

To investigate the infiltration process in a layered soil profile in simplified and known geometrical
and boundary conditions, physical model experiments have been performed by many researchers.
Infiltration experiments have been conducted and have indicated that the wetting front temporarily
stops above the interface of the fine layer and coarse layer, and the infiltration rate slows down [15,16].
Additionally, the pore water pressure head of the finer layer above the soil interface could not increase
when the water started to infiltrate into the coarse layer [17]. The presence of a coarser lower-most
layer may confine the infiltration within the upper finer layer up to a high degree of saturation.
This capillary barrier effect occurred in a slope and was considered to be the cause of landslide
initiation [7]. A capillary barrier at the upper interface of a coarse layer could have developed,
favoring the accumulation and a lateral distribution of infiltrating rainfall and a possible diversion of
flow down the slope, thus leading to a localized increase in the water content and loss of strength [18].
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A diversion of the flow from the vertical direction towards the slope direction occurs and part of the
water crosses the coarse layer infiltrate into the deepest layer. The settlement of soil is accompanied by
progressive saturation of the soil, but general slope failure does not take place in the whole process [19].

Although some model experiments have been conducted to analyze the water movements and
post-failure evolution due to the capillary barrier effect, few model experiments have focused on
the slope failure time and modes in single- and multi-layer slope conditions or analyzed how an
intermediate coarser layer may affect the slope stability.

Therefore, the aims of this study were as follows: (1) to experimentally clarify the influence of
intermediate layers on water movement in a horizontal and inclined slope, respectively, especially
after the breakthrough of the capillary barrier and (2) to investigate its influence on slope failure modes
and the failure time in a single-layer and multi-layer slope by monitoring the water content, pore water
pressure, and failure modes at different tilt angles. Soil-water characteristic curves (SWCC) [20] of fine
sand and coarse sand were also measured to explain how the capillary barrier works. The proposed
physical model experiments can provide a perspective on the failure time and modes of a single- or
multi-layered slope during a rainfall event.

2. Materials and Methods

2.1. Basic Material Properties

Silica sands S1 and S7 were chosen for the physical model experiments as the fine material and
coarse material, respectively, by the difference of D50 and size distribution. Figure 2 shows the size
distribution of S1 (fine material) and S7(coarse material) used in model experiment. Table 1 summarizes
the specific properties of S1 and S7 used in the model experiments. The sieve tests were conducted
using the JGS Geotechnical Society standard test methods (JGS0131-2009).
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Table 1. Basic properties of sand materials.

Description Silica No 7 Silica No 1

Specific gravity Gs 2.63 2.62
Gravel content (>4.75 mm; %) 0 97.13

Sand content (%) 87.31 2.86
Fines content (<0.075 mm; %) 11.64 0

D10 (mm) 0.043 2.26
D50 (mm) 0.152 3.52
D60 (mm) 0.165 4.21

Maximum dry density (g/cm3) 1.556 1.52
Minimum dry density (g/cm3) 1.271 1.3



Appl. Sci. 2020, 10, 3458 4 of 21

The unsaturated hydraulic properties were measured by the variable head method (ASTM 2006)
D2434-68. Table 2 and Figure 3a show the fitting parameters of the VG (van Genuchten–Mualem)
model [21] and soil-water characteristic curves of silica No 1 and 7 in both the drying process and
wetting process. The unsaturated hydraulic conductivities of sands were obtained by a pressure
plate apparatus in the lab. As shown in Figure 3a, the drying (desorption) process and the wetting
(absorption) process of the SWCCs of sand cause hysteretic behavior [15] for the same suction value,
and the sand can retain more water in the drying process than in the wetting process. In the wetting
process, the air entry value (AEV) of the fine layer (silica No 7) is about 1.5 kPa. The AEV of sand
and gravel is about 0.45 kPa, being lower than the AEV of the fine layer. The capillary barrier effect
occurs at the fine-coarse sand interface during rainfall infiltration. In Figure 3b, the unsaturated
hydraulic conductivities of two types of sand are reported. The obtained values range between 10−2

and 10−7 cm/s under different suction conditions. The results show that the hydraulic conductivity of
the coarse sand is higher than that of the fine sand at almost saturation, while it is significantly lower
when the soil is unsaturated.

The soil-water characteristic curves of the soil were modeled with the van Genuchten–Mualem
model [5], as follows:

Se =
{
1 + (−αh )n}−m,Se =

θ− θr

θs − θr
,m = 1−

1
n

. (1)

In the above equation, the water retention curve is expressed in terms of the effective degree of
saturation. θ is the volumetric water content; θr and θs indicate the residual and saturated values of
the water content, respectively; a, m, and n are the fitting parameters; h is the matric suction; a is a
scaling parameter (units of m−1); and the exponents n and m are parameters that determine the shape
of the retention curve. The hydraulic parameters are given in Table 2.

Table 2. Hydraulic properties of sand materials.

Description Symbol (unit) Soil

No 7 No 1

Drying curve
Saturated volume water content θs 0.44 0.42

Air-entry value ψa (kPa) 2.44 0.62
Residual volume water content θr 0.12 0.05

van Genuchten model a 0.41 1.59

Fitting parameter n 4.07 3.11
m 1.42 0.67

Wetting curve
van Genuchten model a 0.42 0.03

Fitting parameter n 4.51 1.42
m 0.78 0.29Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 22 
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process; (b) unsaturated hydraulic conductivity of silica No 1 and No 7 in the wetting process.
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2.2. Water Flow and Slope Failure in Multi-Layer Slope Models

The multi-layer models were set up to evaluate the effect of the capillary barrier acting on a slope.
This model system was built to show the advancement of the wetting front, and monitor the volumetric
water content in the soil, pore water pressure, and slope failure process. In addition, the failure process
was directly recorded by cameras to obtain a better understanding of failure modes and the effect of
the capillary barrier. Table 3 summarizes the physical experimental conditions.

Table 3. General information for the slope model experiment.

Experiment Sediment Type No. of Layers Tilt Angle (◦) Rainfall Intensity Depth of Layers

Case I S1, S7 3 0 75 mm/h 0.2 m, 0.05 m, 0.2 m
Case II S1, S7 3 7 75 mm/h 0.2 m, 0.05 m, 0.2 m
Case III S1, S7 3 15 75 mm/h 0.2 m, 0.05 m, 0.2 m
Case IV S1, S7 3 21 75 mm/h 0.2 m, 0.05 m, 0.2 m
Case V S7 1 0 75 mm/h 0.45 m
Case VI S7 1 7 75 mm/h 0.45 m
Case VII S7 1 15 75 mm/h 0.45 m
Case VIII S7 1 21 75 mm/h 0.45 m

2.2.1. Flume Model System

Figure 4a shows the apparatus used for the physical model experiments, which consisted of an
inclined steel box, a rainfall simulation system, and a set of pore water pressure and VWC (volumetric
water content) sensors. The details of each subsystem are as follows: (i) the inclined steel box had
dimensions of 1.0 m (length) × 0.3 m (width) × 0.5 m (height); (ii) the sidewalls of the box were made
of an acrylic plate to observe the advancement of the wetting front and failure process during rainfall.
The gap between the steel plates and the acrylic plate was sealed with epoxy adhesive.Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 22 
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Furthermore, the inclined angle of the model box could be lifted by a crane to simulate the inclined
cover from 0 to 60 degrees. Experiment pictures were recorded by cameras in different locations around
the model. Table 3 summarizes the physical model experimental conditions.

2.2.2. Rainfall Simulation System

A rainfall nozzle was placed 60 cm above the model box to simulate rainfall with a constant
intensity. The intensity and duration of rainfall were controlled by a control value and air pressure
gauge. The rainfall intensity was kept at a constant intensity by air pressure, and ranged from 35 to
100 mm/h. The sensors ECH2O EC-5 were used to determine the volumetric water content. Soil-specific
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calibration is recommended for obtaining the best possible accuracy in volumetric water content
measurements [22,23]. Calibration of the EC-5 sensors has been shown to result in an increased
accuracy of 1–2% for all soils with soil-specific calibration [24,25]. The calibration of EC-5 sensors
employed in silica No 1 and No 7 is shown in Figure 5b.
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2.2.3. Theory of Measurement Devices

The instruments used in the model experiments were calibrated before installation, including
the pore water pressure, tilt sensors (Figure 6a), VWC sensors (Figure 5b), and rainfall simulators
(Figure 5a). The intensity and uniformity of artificial rainfall created by the simulator were calculated
based on the weight of the sample at a certain time.
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pore water pressure response in soil and the structure and size of the transducer.

2.2.4. Testing Procedure

Soil Preparation

S1 and S7, which were used to make the slope, were dried in an oven for 48 h. Then, an amount of
water was added to the soil to achieve an initial water content of around 6%.

Compaction of Soils

The prepared soil was compacted and placed in a series of horizontal layers. Silica No 7 and No 1
were placed in the model box in layers and compacted to achieve a dry density of 1.33 and 1.43 g/cm3,
respectively. Each layer was tamped equally with a rod to a thickness of 5 cm and these procedures
were repeated until the height of the slope was achieved.
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Positions of Sensors and Cameras

During the soil placement, VWC sensors, tensiometers, and tilt sensors were placed at specific
locations in the three different layers and the time of recording the quantity of water content was 10 s.

Table 3 summarizes all of the experimental conditions.

3. Results

3.1. Failure Situations in All Cases

Figure 7 shows the failure situations for different cases during rainfall. No runoff on the surface
of the slope was observed in all cases, as the infiltration capacity of the soil layer was higher than
the rainfall intensities used in this study. Two failure modes were observed in this study. One was
soil piping, which occurred in the multi-layered slope. Slight soil piping occurred at the toe of the
slope, finer materials mixed with amounts of infiltrate water flowed out from the piping as the seepage
surface, and the seepage surface grew gradually and increased until cracks appeared (Figure 7c).
As Figure 7a shows, the piping phenomenon occurred slightly, and as the tilt angle increased, the soil
pipe size developed rapidly and more seriously (see Figure 7b,c).
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Figure 7. Comparison of failure situations of the different model experiment cases (each case was
performed three times to ensure the repeatability of the results, and typical results of individual
experiments were chosen to show the failure situation in each case). (a) case I (tilt angle α = 0◦);
(b) case II (tilt angle α = 7◦); (c) case III (tilt angle α = 15◦); (d) case V (tilt angle α = 0◦); (e) case VI
(tilt angle α = 7◦); (f) case VII (tilt angle α = 15◦).

Another failure mode was surface sliding from the toe of the slope in a single-layer slope.
Small slide failure occurred at the toe at first, and then relatively larger slide failure followed. This type
of failure mode was clearly observed for cases IV, V, and VI, as shown in Figure 7d.

The failure modes and initial failure time t for all eight cases are summarized in Table 4. The initial
slope failure occurred at the toe of the slope in case I and case IV at about 1.18 and 0.95 h after the
rainfall has been applied, respectively. This means that failure in a multi-layer slope occurs later than
that in a single layer under the same condition in the horizontal group. In Figure 7b,e, in case II and
case V, failure occurred at around 0.84 and 0.89 h, respectively. In case III and case VI, more rapid



Appl. Sci. 2020, 10, 3458 8 of 21

movement of slope failure occurred in an almost fully saturated condition and they thus had a lower
strength. The failure times of the 15 degrees inclined group were 0.78 and 0.85 h. It should be noted
that failure occurred earlier in the multi-layer slope than in the single-layer slope in the inclined group,
which is different from the result obtained for the horizontal group.

Table 4. Failure conditions of physical model experiments.

Experiment Rainfall Intensity I Tilt Angle α (◦) Failure Modes Initial Failure Time t (h)

Case I 75 mm/h 0 Piping slightly 1.18 h
Case II 75 mm/h 7 Piping 0.84 h
Case III 75 mm/h 15 Piping 0.78 h
Case IV 75 mm/h 21 Piping 0.62 h
Case V 75 mm/h 0 Surface slides 0.95 h
Case VI 75 mm/h 7 Surface slides 0.89 h
Case VII 75 mm/h 15 Surface slides 0.85 h
Case VIII 75 mm/h 21 Surface slides 0.76 h

3.2. Profile of the Volumetric Water Content in a Slope

During the tests, the hydrological response was monitored by means of VWC (volumetric water
content) sensors located at different locations within the slope and crossing the entire soil thickness,
allowing the retrieval of volumetric water content profiles at different depths. The VWC sensors in
section I in different cases were shown to explain how the capillary barrier effects influence the water
infiltration and distribution during the rainfall and drying process, as is shown in Figure 8 (the sensor
locations are shown in Figure 4b). Throughout the experiment, the VWC of the toe of slopes increased
slowly with time toward a saturated value in response to the saturation process, until failures occurred.
It should be noted that the capillary barrier clearly controlled the rate of changes of the VWC in a
multi-layer slope, which determined the failure time of slope.
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Figure 8. Time histories of VWC during rainfall and the drying process in case I, III, V, and VII (the
left figures show the time from 0 to 8000 s, while the right figures show the whole wetting and dry
process in the rainfall event). (a) Case I. VWC trends in a multi-layer slope in the flat group (tilt angle
α = 0◦); (b) Case V. VWC trends in a single-layer slope in the flat group (tilt angle α = 0◦); (c) Case III.
VWC trends in a multi-layer slope in the inclined group (tilt angle α = 15◦); (d) Case VII. VWC trends
in a multi-layer slope in the inclined group (tilt angle α = 15◦).

In case I and case V (see Figure 8a,b), the advancement of the wetting front is evident from the
time history of the VWC sensors. It shows that the rise of the VWC was rapid, and then became
gradual, as the toe of the slope approached a fully saturated condition. When the VWC at point L
reached around 0.4, failure occurred at the toe of the slope. In addition, compared with the VWC
at point L in the flat group, point L reached the saturated condition later in the multi-layer model,
since the capillary barrier prevented the water from infiltrating into the bottom. This made the slope
more stable and caused a delay in the failure time, which was 1.2 and 0.92 h in case I and case III,
respectively. This capillary barrier effect can also be explained by the VWC histories obtained during
the experiments. For example, it took around 26 min for the wetting front to pass through the interface
from point B to point C [11].

Figure 8c,d show that when rainfall was applied, the VWC increased quickly above the interface
(point B), and when rainfall was stopped, the soil above the coarse layer (point B) remained wetter than
the same location in a single-layer slope. Additionally, for the VWC at the toe of the slope (point L)
in the inclined group, the failure occurred earlier (0.78 h), while it was 0.84 h in a single-layer slope,
which was contrary to the flat group experimental results.

3.2.1. Beginning of Rainfall (t = 0 h)

In case I and V, the VWC in the bottom of the upper fine layer (point B) increased from 0.05 to 0.33
with the depth in the upper fine layers (height was from 25 to 45 cm), while that in the coarse layer
was about 0.03 before capillary barrier breakthrough at the beginning of rainfall in case I (t = 0.5 h).
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This indicates that the wetting front above the interface was stopped for a while and rainfall water was
stored in the upper fine layer due to the influence of the capillary barrier. In the lower section I (height
was from 0 to 20 cm), the VWC maintained a constant condition while the capillary barrier was present.

3.2.2. The Breakthrough of the Capillary Barrier (Case I, II, and III)

During the first 0.8 h of rainfall, as shown in case I and case II in Figure 9 a,b, the presence of the
intermediate coarse layer caused a significant time delay in the infiltration process: the VWC in section
I above the interface increased to 0.34 in case I, whereas the VWC in the coarse layer changed from 0.03
to 0.05 in case I at the depth of 22 cm, while the VWC was from 0.04 to 0.22 at the same depth in case II
(t = 0.6 h). In this stage, the interface between the fine and coarse layer acted as a capillary barrier and
gradually broke when the bottom of the upper fine layer was almost at saturation. In case II, the VWC
in section I above the interface increased from 0.06 to 0.32, while that of the coarse layer was from 0.03
to 0.04. A lateral diversion flow may have occurred along the inclined interface, resulting in capillary
barrier breakthrough occurring later in section I compared with case I.
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Figure 9. Profile of the VWC in section I in different cases (the VWC distribution after slope failure was
verified by obtaining soil samples from various locations at the end of the experiments). (a) Case I;
(b) Case II; (c) Case III; (d) Case V; (e) Case VI; (f) Case VII.

3.2.3. Post-Breakthrough of the Capillary Barrier (t = 0.6–0.78 h in Case I, II, and III)

After 0.6 h of rainfall, the VWC of the upper fine layer maintained a constant value in section I in
case I and III, since it reached steady state infiltration in the soil. Additionally, rainfall water infiltrates
into the next layer following capillary barrier breakthrough. For example, the VWC of the coarse slayer
increased from 0.05 to 0.12 at 0.83 h and 0.13 at 1.2 h (see Figure 9a) in case I and the VWC of the coarse
layer increased from 0.05 to 0.07 at 0.78 h in case III. It should be noted that the VWC of the bottom of
the lower finer layer increased to 0.36 at 0.8 h in case I and to 0.08 at 0.78 h in case III, respectively.
This means that rainfall water could not arrive at the lower fine layer along section I because of the
lateral water flow along the inclined interface in case III.

3.2.4. Failure Occurred (t = 0.78–1.2 h)

In this part, the failure process is analyzed using the response of the tilt angle, pore water pressure,
and VWC measurements in different locations in the slope. In case III and VII, the experimental flume
was tilted to 15◦ and subjected to the same rainfall intensity. This section aims to evaluate the effects of
an inclined angle on the water movement and slope stability.

The main results of this part are reported in Figures 10 and 11. The initial pore water pressure
values were negative at the locations of S-I and S-II. The pore water pressure and VWC increased during
the infiltration and then stabilized when the infiltration reached a steady state condition. During the
rainfall, the tilt angle of point G and point A almost maintained a constant value, while the soil in
these locations maintained a negative value. A sudden change occurred when the pore water pressure
approached 0 kPa at point L in all cases.

Comparing the difference of the pore water pressure measured at S-II in case I and case V, presented
in Figure 10a,b), the pressure grew from −4 kPa at the beginning of the rainfall to around −1 kPa after
around 1.2 h above the coarse interface, while it reached −3.5 kPa in case V. This suggests that there
was a higher water content and pressure head above the coarse layer than at the same location in a
single-layer slope, as the capillary barrier effect led to the storage of water and high water pressure
head. In this respect, it is worth noticing that in case I, the pore water pressure at point L (S-I) increased
suddenly after capillary barrier breakthrough at the interface.
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divided into two periods. A negative pore pressure was measured at the beginning of rainfall (S-I), 
and then, around 30 min later, a sudden increase of the pore water pressure value Δu could be 
measured after capillary barrier breakthrough at point L (Figure 3b). Moreover, a few minutes after 
breakthrough, piping occurred for a pore pressure of 0 kPa at the toe, which seems to indicate a 
negative influence for the slope instability. Similar to case I, pore pressure sensor S-I in case III also 
showed the same trends after the breakthrough of the capillary barrier. It is clear from both data sets 
that the pore water pressure value increased from −1.5 to −0.3 kPa in case I and from −1.1 to −0.21 kPa 
in case III, respectively. 

Figure 10. Volumetric water content, pore water pressure, and tilt angle change trends at different
locations during infiltration. (a) case I (tilt angle α = 0◦, multi-layer), where the pore water pressure
increased after capillary barrier breakthrough; (b) case V (tilt angle α = 0◦, single layer). For the
positions of sensors, see Figure 3b.

The same behavior, in terms of the pore water pressure and VWC, was observed in tests with the
tilt angle α = 15◦ (Figure 11). In these two cases, the greater slope angle induced the most sudden
variations of water content and pore water pressure, and also resulted in an earlier response of tilt
sensors located at the toe of the slope. For case III with the tilt angle α = 15◦, failure occurred in about
0.78 h, and the increase of VWC was more rapid than that of case VII, which was contrary to case VII.
In the inclined group, the later failure occurred at 0.84 h in a single-layer slope, which proved that an
inclined multi-layer slope is more dangerous than a single-layer one under this condition, which is
contrary to the findings of the flat group.

It is evident in Figures 10a and 11a that the increase of the pore water pressure can be divided
into two periods. A negative pore pressure was measured at the beginning of rainfall (S-I), and then,
around 30 min later, a sudden increase of the pore water pressure value ∆u could be measured after
capillary barrier breakthrough at point L (Figure 3b). Moreover, a few minutes after breakthrough,
piping occurred for a pore pressure of 0 kPa at the toe, which seems to indicate a negative influence for
the slope instability. Similar to case I, pore pressure sensor S-I in case III also showed the same trends
after the breakthrough of the capillary barrier. It is clear from both data sets that the pore water pressure
value increased from −1.5 to −0.3 kPa in case I and from −1.1 to −0.21 kPa in case III, respectively.
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Figure 11. Volumetric water content, pore water pressure, and tilt angle change trends at different
locations during infiltration. (a) Case III (tilt angle α = 15◦, multi-layer), where the pore water pressure
increased after capillary barrier breakthrough; (b) case VII (tilt angle α = 15◦, single layer). For the
positions of sensors, see Figure 3b.

3.2.5. Capillary Barrier Restoration in the Drying Process (t = 3.5–36 h)

The VWC in soil decreased once the rainfall stopped in case I (Figure 9a) and V ((Figure 9c).
However, the bottom of the upper fine layer maintained a higher water content condition at 0.33
compared with the single-layer slope, which was only 0.19 in case I and V, respectively. The capillary
barrier broken through could be restored to its pre-breakthrough condition once rainfall had stopped.
The VWC of the finer soil above the interface decreased as the rainfall water continued to drain out.
As the VWC at the interface decreased, the unsaturated hydraulic conductivity of the coarser lower
layer also decreased, and eventually approached zero. The capillary barrier was completely restored
when the intermediate coarser layer could not accept any more rainfall water from the overlying
fine layer.

3.3. Influence of the Tilt Angle

3.3.1. Influence of the Tilt Angle on Water Movement

To show the water movement and its lateral diversion length in a multi-layer slope, the slope
surfaces were marked with blue colors before the rainfall. With the aid of the backlighting and the
dye traces, it was simple to visualize the dyed streamlines with the water movement once a steady
state was achieved. The lateral diversion length and breakthrough zone could also be measured
directly. Figure 11 shows photographs of the dyed trace streamlines from single-layer and multi-layer
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slopes with different tilt angles. The coarse layer is shown in deep gray in the pictures. For all of the
inclined experimental cases, the dye traces were diverted downslope (referred to as capillary diversion,
see Figure 12) and, in most cases, penetrated the coarse layer at different points (breakthrough).
The slope at 7◦ with a breakthrough zone maintained a constant value when infiltration reached a
steady state. In these three cases, a clear lateral flow region without infiltrate water passing through
the coarse layer formed near the toe of the coarse layer. An amount of water entered the bottom layer
through the breakthrough zone. Additionally, the breakthrough region was measured as the total
length along the interface through which breakthrough was observed. This will be referred to as the
piping in the subsequent discussion.
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Figure 12. Side view of model experiments with blue dye traces during rainfall for the slopes in the
inclined group. (a) case II (tilt angle α = 7◦); (b) case III (tilt angle α = 15◦); (c) case VI (tilt angle
α = 21◦); (d) case VI (tilt angle α = 21◦); (e) case VII (tilt angle α = 21◦); (f) case VIII (tilt angle α = 21◦).
The capillary barrier diversion in the multi-layer slope is shown by the movement of blue dye traces.
The white arrow shows the approximate flow direction (case II and case VI).

Figure 13 shows the lengths of the three cases observed, and the capillary diversion length
occurring upslope on the fine-coarse interface. The length of capillary diversion was measured from
the initial point of the blue dye trace closest to the upper interface to the point where the dye first
penetrated into the coarse layer. Figure 14 shows the VWC contour maps at 0.5 h, when failure
occurred, rainfall stopped (t = 3.5 h), and the drying process stopped (t = 36 h) for case I, II, III, and VII.
The initial VWC values were about 0.06 in the slopes.

In Figure 14a,b, comparing the VWC in the flat group at t = 0.5 h, the area above the interface
reached a higher degree of saturation in the multi-layer slope than in the single-layer slope, since the
capillary barrier prevented the water from infiltrating into the coarse layer, which made the slope more
stable and caused a delay in the failure time. Comparing Figure 13, it was proven that lateral diversion
occurred along the interface in the inclined slope, which resulted in a higher water content near the
toe of the slope, and water could not infiltrate into the lower finer layer in Figure 13. This result may
be associated with the sloping of the cover system [24]. The lateral diversion in the coarse layer was
around 0.4 m, possibly because of the inclined angle, material properties, and rainfall intensity used in
the test. Afterward, water could infiltrate into the deeper finer layer at the end of lateral diversion [26].
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Figure 13. Effect of the tile angle on the capillary barrier diversion length in a multi-layer slope in
case I, II, III, and IV (each case was performed three times for the same experimental conditions).
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Figure 14. The VWC changes with elapsed time in case I, II, III, and IV (the VWC distribution after
slope failure was verified by obtaining soil samples from various locations at the end of the test).
(a) Case I. Multi-layer slope, 0 deg, 75 mm/h; (b) Case II. Multi-layer slope, 7 deg, 75 mm/h; (c) Case III.
Multi-layer slope, 15 deg, 75 mm/h; (d) Case VII. Multi-layer slope, 21 deg, 75 mm/h.

3.3.2. Influence of the Tilt Angle on the Pore Pressure and VWC

To investigate the effects of the tilt angle, the pore pressure sensor (S-I) and VWC sensor (W-L)
at the bottom were considered for comparison in different cases, as these are most crucial to the
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knowledge on slope failure. Detailed in Figure 14 is the progressive build-up of VWC and pore water
pressure throughout the experiments I, III, and IV, until failure occurred.

For Figure 15a,b, it is clear that an increased tilt angle has a drastic effect on the build-up of
volumetric water content and pore water at the bottom of the slope, progressively resulting in quicker
failure times as the tilt angle increases.
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Figure 15. Time series of the VWC and pore pressure at the bottom of the slope for case I, III, and IV,
with α ranging from 0◦ to 21◦ (multi-layer slope). (a) Time series of the VWC from initiation to failure;
(b) time series of the pore pressure from initiation to failure.

Once the wetting front arrived, sensor spikes in measurements occurred. It took around 1.18,
0.78, and 0.62 h for the pressure head and VWC to approach the maximum value in case I, III, and
IV, respectively. The peak value of VWC and pore pressure values were similar for each case ranging
between 0.348 and 0.351 and −0.021 and −0.016 kPa, respectively, at times of failure. Due to the rapid
progression of the wetting front at an increased tilt angle, the pore water pressure and VWC increased
at a faster rate, as is evident in results showing that the α = 21◦ (case V) failed 47% sooner than α = 0◦

(case I) and 34% sooner than α = 15◦ (case III). These similar trends were exhibited in all experiments
where the tilt angle was increased [27].

4. Discussion

4.1. Mechanism of the Capillary Barrier

A capillary barrier (Figure 16a) forms in unsaturated conditions when the hydraulic conductivity
of finer soil is higher than that of coarse soil, which limits the downward infiltration of water due to
the difference of the hydraulic conductivity. Figure 15b shows the relations between the hydraulic
conductivity and suction of the two sands measured in the lab. The intersect of two hydraulic
conductivity curves is 0.4 kPa. From the intersect to the higher suction (suction > 0.4 kPa), the hydraulic
conductivity in the coarse layer is much lower than that in the fine layer, which caused the capillary
barrier to form at the fine-coarse interface. Otherwise, suction at the interface decreased gradually after
the wetting front arrived and was located to the left of the intersection, and the hydraulic conductivity
in the coarse layer was higher than that of the fine one, which allowed the rainfall water to infiltrate
into the next layer after capillary barrier breakthrough.
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4.2. D Flow and Multi-Layer Slope Stability

As is shown in Figure 17a, the blue color was used to stain the surface of the slope and to show the
movement of rainfall water, and it was applied under the coarse layer to check that the capillary barrier
still worked. At the beginning of case III, the water flow showed a vertical movement, mainly controlled
by gravity, before the wetting front arrived at the interface. Secondly, the water flow could not go
across the interface directly upward of the slope and showed a significant velocity component parallel
to the inclined interface after the wetting front arrived [28].Appl. Sci. 2020, 10, x FOR PEER REVIEW 19 of 22 
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Figure 17. (a) Side view of the diversion length and breakthrough area of the capillary barrier (the
movement and the breakthrough zone are shown by the blue dye traces); (b) calculation of the capillary
diversion length L.

Lateral diversion is essentially gravity-driven unsaturated drainage within the finer layer of a
sloped capillary barrier [29,30]. The unsaturated hydraulic conductivity is the maximum as the VWC
of the upper finer soil increases with depth, where lateral diversion is concentrated at the fine-coarse
interface. Besides, the diverting water will increase the water content in the downslope direction with
the influence of the inclined angle, which may result in failure of the barrier and then infiltrate into the
next layer.
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In Figure 17b, the maximum length of the capillary diversion can be calculated by [31]:

K(ψ) =
{
1−(αψ)mn[1+(αψ)n]

−m}2

[1+(αψ)n]
m/2 ∗Ks , (2)

L ≤ tan(β)
K(ψ)

q

[ 1
α
+

(∣∣∣ψa
∣∣∣− ∣∣∣ψ∗w∣∣∣)] (3)

where, ψ is the matric suction in the soil; ψ∗w is the water entry value of the coarse layer; ψa is the air
entry value of the fine layer; β is the tilt angle of the slope (◦); r is the infiltration rate (mm/h); K(ψ) is
the hydraulic conductivity of the fine layer; and a, m, and n are the fitting parameters.

Physical model experiments with a tilt angle α = 0◦, 7◦, 15◦, and 21◦ were performed three times
in order to ensure the repeatability of the results. An important point to be noted is that every physical
model was assumed to be identical, but there were slight differences in the model construction and
preparation process, which could have resulted in some dissimilarity between experiments. Taking this
fact into account, the result of the capillary diversion length at different tilt angles (Figure 18a),
which produced similar results, demonstrated the repeatability of the experiment. The pictures of
failure situations in case III (tilt angle α = 7◦) are described in detail in Figure 18b. Although the details
of soil piping of each experiment were unique, the results of different experiments were consistent.
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Figure 18. (a) Repeatability of the capillary diversion length (tilt angle α = 0◦, 7◦, 15◦, and 21◦, where
each case was performed three times to ensure the repeatability of the results); (b) experiments of
failure situations were conducted in case III under the same experimental conditions three times.

The capillary barrier effects caused by the inter-mediate coarser layer initially confines the
rainwater infiltration in the uppermost soil. Depending on the characteristics of rainfall and the
inclined angle condition, top finer soils are almost permanently unsaturated [32]. In some slope steeper
than 40◦ at higher elevations, this may lead to instability of the top fine soil before capillary barrier
breakthrough, when the coarse layer and bottom layer are still far from the point of saturation [33].
Depending on the slope angle and shear strength of soil, failure can occur at the bottom before complete
saturation, while the pore water pressure is still negative. These phenomenon in natural slope seem to
disprove the possibility of failure mechanism due to piping in this study.

In our experiment, the piping failure occurred above the impermeable layer after the loss of
the capillary barrier. This is consistent with the field investigation of the development of soil pipe
in the base of the fine soil [34]. However, the actual mechanism of soil piping in these slope that
still remains unclear. Some mechanisms have been proposed by previous researches to explain this
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phenomenon such as internal erosion, flowslides and grain coarsening [34,35]. Internal erosion of
the finer soil fraction driven by the seepage forces is thought to have played a significant influence
on the slope failure [36,37]. It seems reasonable that the rainfall water caused the build-up of excess
pore water pressure inside slope and the water inflow occurred during the rainfall condition, as the
sharp increase of pore water pressure ∆u measured at base of multi-layered slope (see Figure 10a).
Further measurement such as the pore water pressure inside slope, internal displacements are still
needed to improve the understanding of mechanism of failure of the slope [38].

5. Conclusions

Four groups of laboratory model experiments were performed to investigate the water movement,
failure time, and modes in multi-layer and single-layer slopes caused by rainfall infiltration. In addition,
the unsaturated hydraulic conductivity and SWCCs were also measured in the lab to clarify how the
capillary barrier works under different conditions.

The results of hydraulic conductivity show that the unsaturated hydraulic conductivity K in the
coarse layer is lower than that in the fine layer in a lower suction condition (0.4 kPa), which results in
the development of the capillary barrier at the interface of the fine-coarse layer.

Different failure modes occurred in an inclined multi-layer slope and single-layer slope: sliding
and piping failure. In the flat group, the capillary barrier was presented, which prevented the rainwater
from infiltrating into the coarse layer for a while and caused a delay of the failure time. However,
in the inclined group, the inclined intermediate coarser layer formed a capillary barrier, resulting in a
significant amount of water being diverted to the downward slope and causing piping failure at the
toe of the slope that resulted in earlier failure, which has a negative influence on the slope stability.

An increased tilt angle has a drastic effect on the capillary diversion length, in which more infiltrate
water will be diverted to the downslope side and then infiltrate into the bottom of slope, resulting in
quicker failure times.

The present study does not provide a model to be used in a specific site problem. Instead, the model
is suitable for studies on hypothetical multi-layer hillsides to assess water movement patterns and
general failure mechanisms. The results from such studies can prove useful in the development of an
appropriate strategy for resolving problems in individual, site-specific multi-layer slopes.

In the present manuscript, we have mainly focused on the influence of the tilt angle and the effect
of the capillary barrier on water movement and slope failure modes compared with a single-layer
slope. It should be noted that in multi-layer slopes, different geometric characteristics, such as different
heights, slope ratios, and fronts, also have an influence on the water infiltration and water content
distribution in the slopes, significantly affecting slope failure initiation. Model experiments with
different geometries of the shallow soil cover will be conducted in further research [39].
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