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Abstract: Slope disasters often include soil erosion and shallow landslides. These types of slope
failure can occur in unsaturated soil. In this study, artificial rainfall is applied to a compacted soil
slope in a laboratory to investigate the effects of rainfall intensity, initial moisture content and relative
compaction on infiltration and failure behavior of an unsaturated soil slope subjected to rainfall
infiltration. Soil moisture probes installed in the soil slope were used to monitor soil moisture content
during the experiment. Test results show that the soil saturation at the toe of the slope was observed
to be higher than other areas of the slope following the onset of rainfall. Gradually, the saturation
advanced towards the crest, resulting in the formation of a wetting band along the slope surface. With
increasing rainfall duration, the wetting band progressed further downwards along the slope. The
failure of the slope began at the crest and junction of the slope, and the primary cause was soil erosion
resulting from high-intensity rainfall. The most significant variable affecting infiltration behavior
is relative compaction, followed by the initial moisture content of the compacted slope. During
the experiment, the low hydraulic conductivity of the saturated soil caused most of the rainfall on
the slope to become surface runoff, which minimized the impact of rainfall intensity on infiltration
behavior. Specifically, the hydraulic conductivity of soil compacted at optimal moisture content and
90 R.C. is only 7.041 x 10 em/sec or 2.53 mm/h, which is much lower than rainfall intensities
of 80 mm/h and 160 mm/h. In addition, soil saturation contours facilitated visualization and
quantification of the infiltration behavior of slopes, enabling a more detailed analysis of experimental
results. These results help understand the behavior of unsaturated soil slopes under artificial rainfall
conditions and aid in designing effective slope stabilization measures to prevent slope failure and
minimize the risk of landslides.
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1. Introduction

Taiwan is situated at the intersection of the Eurasian Plate and the Philippine Sea Plate.
More than 70% of Taiwan’s land area is mountainous terrain. The slopes of mountainous
areas in Taiwan typically range between 30° and 50°. However, in rugged terrain, such
as the cliffs along the eastern coast of Taiwan, very steep slope angles exceeding 60° are
common [1]. The unique terrain often leads to slope disasters. Mountainous slopes can be
severely affected by soil erosion and shallow landslides, indicating instability of slopes [2,3].
Soil erosion refers to the detachment, transportation, and deposition of soil particles by
water, wind, or other external forces. In grasslands, the most visible form of soil erosion is
shallow erosion, which occurs in bare soil areas [4-6]. This type of erosion often occurs in
conjunction with gully initiation in steep mountainous and hilly landscapes that are covered
by a layer of regolith [7,8]. Shallow landslides are defined as any landslides that occur
within the material that forms above the bedrock, such as soil, saprolite, and colluvium [9].
These types of landslides are typically triggered by rainfall events with short durations
but high intensities, or long durations but medium to low intensities [10-12]. On the other
hand, slope disasters also associated with land development often occur on artificial slopes
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constructed of backfill that is inadequately compacted. High and steep slopes that are
backfilled to increase land use area are particularly prone to slope disasters. Inadequate
compaction is caused when the degree of compaction applied during construction does not
meet standards or if the soil is compacted at sub-standard moisture content. Compaction
controls many soil properties, including hydraulic conductivity, swell and shrink and soil
strength [13,14]. Backfilled slopes that are compacted inadequately have high hydraulic
conductivity, permitting rapid infiltration. Areas with inadequate compaction tend to settle
more, which can lead to instability of slopes. Reducing the infiltration of water into the
slope can help improve stability. Both the degree of compaction and initial moisture content
at the time of compaction are important factors that control infiltration [14].

Many studies have examined the effect of precipitation on natural slopes [15-22]. In
contrast, studies that specifically examined slope failures in artificial backfilled slopes are
rare. As a result, the failure mechanisms and soil moisture conditions of backfilled slopes
that do fail are not well understood [23-26]. It has been found that the number of backfill
layers can influence the stress distribution in the backfill materials [26]. The infiltration of
precipitation into a backfilled slope results in a decrease in matric suction and an increase
in moisture content. As a result, the effective strength of the slope rapidly drops. Once the
shear strength of the slope is no longer adequate enough to sustain stability, the likelihood
of slope failure increases [27-29].

The infiltration rate is an important factor for determining the stability of slopes [28,30-34].
Regarding the infiltration rate, as the moisture content of the soil increases, the infiltration
rate of the slope decreases. The infiltration process is influenced by various factors, such as
soil depth and geomorphology, soil hydraulic properties, and rainfall or climatic properties.
The spatiotemporal evolution of infiltration rates under natural conditions cannot be cur-
rently deduced by direct measurements alone at any scale of interest in applied hydrology;
therefore, the use of infiltration models that rely on measurable quantities is of fundamental
importance [35]. Despite the importance of representing natural areal infiltration processes
in hydrologic models for both flat and sloping surfaces, research in this area has been
limited mainly to the development of local infiltration models, which are point-based.
Various local infiltration models have been proposed for vertically homogeneous soils with
a constant initial soil water content and over horizontal surfaces [35-44]. The infiltration
and failure behavior of an unsaturated soil slope under artificial rainfall can be studied
through physical model experiments [45-51]. Physical model experiments on slopes have
been conducted as an alternative to field monitoring because they enable the investigation
of the same slope under different conditions, reduce costs by shortening the duration of the
study, and allow for the consideration of various slope types [51]. To investigate the infil-
tration process under simplified and known geometrical and boundary conditions, many
researchers have conducted physical model experiments. In their experiments [45-51], the
slope is constructed and instrumented with sensors to measure various parameters such as
soil moisture, pore water pressure, earth pressure and ground movement. Artificial rainfall
is then applied to the slope, and the response of the slope is monitored.

This study involved conducting model experiments on compacted unsaturated soil
slopes, with artificial rainfall applied to the slope. Soil moisture probes were used to
monitor the infiltration behavior of the soil at different locations on the slope under the
influence of rainfall. In this study, the experimental data were analyzed and presented as
soil saturation contours, which were used to evaluate the effects of different factors on the
infiltration behavior of the compacted unsaturated soil slopes. Specifically, the impacts
of rainfall intensity, initial moisture content, and relative compaction on the infiltration
behavior were examined.

2. Laboratory Methods and Materials
2.1. Physical Properties of the Soil

The experimental soil used in this study is typically found in the Pingtung area of
southern Taiwan. CNS and ASTM standards for soil analysis and experiments are followed
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to understand the basic physical properties of the soil. Results of basic soil properties of the
study soil are shown in Table 1.

Table 1. Basic soil properties of the study soil.

Soil Properties Value
Specific gravity, Gs 2.65
Liquid limit, LL (%) 30
Plastic limit, PL (%) 26
Plasticity index, PI (%) 4
Clay fraction (grain size < 2 um), CF (%) 42
Optimum moisture content, OMC (%) 24
Maximum dry density, ey (g/cm3) 1.55

Particle size analysis is shown in Figure 1. From Figure 1, it can be observed that the
sand fraction (0.05-2.0 mm) is 8%, the silt fraction (2-50 pm) is 50%, and the clay fraction
(<2 um) is 42%. Using the Unified Soil Classification System (USCS), the soil was classified
as ML (Silt with low plasticity).
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Figure 1. Particle size analysis.

2.2. Experimental Procedure

In this study, the soil was initially passed through a number 10 sieve with a mesh size
of 2 mm to remove any impurities. Prior to compaction, the soil was adjusted to its initial
moisture content, and each layer of 5 cm was uniformly compacted to achieve the desired
relative compaction. This was performed to ensure consistency and uniformity in the soil
of the slope. The soil moisture probes were installed within an artificially compacted soil
slope. The soil moisture meters continuously record moisture content throughout the soil
during the application of artificial rainfall. During the experiments, a single-lens reflex
camera monitored the experiments. After the experiments, the data were organized and
analyzed.

2.3. Artificial Rainfall System

The artificial rainfall system is located at the Pingtung University of Science and
Technology campus. The total area of the center is 210.27 m?, with four floors. Under
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these conditions, wind is controlled and precipitation is applied from a height of 9.5 m,
which permits the terminal velocity of the rainfall to be reached before impact with the
artificial slope. The artificial rainfall system is controlled by the central console. Flow to the
rain system can be adjusted using the central console to meet the needs of the experiment.
A sieve rapidly oscillates below the sprinklers to ensure an even distribution of rainfall,
as shown in Figure 2. Precipitation is monitored at the hillslope using a continuously
recording tipping bucket. The opening of the tipping bucket is 200 cm®. The diameter is
15.5 cm and the height is 24 cm. The bucket has a precision of 0.2 mm/tip.

| [N
lli il

Figure 2. A sieve below the sprinklers.

2.4. Experimental Slope

The artificial slope was constructed inside an acrylic box measuring 0.8 m in length,
0.3 m in width, and 0.9 m in height. The dimensions of the slope are 0.5 m in length, 0.3 m
in width and 0.4 m in height. The soil slope was compacted to relative compaction levels
of 70%, 80% and 90%, with initial moisture contents of 22%, 24% and 26%. The Optimum
Moisture Content (OMC) is 24%. The slope angle after compaction is 60°. The soil moisture
probes were installed when the soil was placed in the box. The layers were compacted
every 5 cm, and a total of 10 layers were installed. The locations of the soil moisture probes
are shown in Figure 3.
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Figure 3. Location of the soil moisture probes.



Water 2023, 15, 1599

5o0f 14

A total of 9 soil moisture probes were used to monitor moisture conditions of the slope.
The soil moisture probe model number is EC-5. The probe is 8.9 cm long, 1.8 cm wide and
0.7 cm high. The precision of the probe is £2%, and the monitoring range is 0 to 100%. The
experiment used a CR1000 data collector to record and save moisture data, with saving
occurring every minute.

Before conducting the artificial rainfall infiltration experiment, the soil moisture probes
were calibrated. This involved obtaining the actual weight moisture content of the exper-
imental soil and converting it to volumetric moisture content. Subsequently, a linear
regression trend line was established between the converted values and the values mea-
sured by the instrument, thus obtaining the calibration regression equation.

To investigate the potential effects of soil compaction and initial moisture content on
the accuracy of soil moisture probes, we utilized an acrylic mold with a height of 50 cm
and a diameter of 20 cm. Soil was compacted into the mold in 5 cm layers at relative
compaction levels of 70%, 80% and 90%, and initial moisture contents of 22%, 24% and
26% were tested. Soil moisture probes were buried at various depths within each layer
during the compaction process. The experimental instrument was turned on for monitoring
after setup. Water was then poured into the mold to infiltrate the soil, and data were
recorded accordingly. Afterward, samples were taken from the soil adjacent to each soil
moisture probe to serve as a reference for the instrument’s response and the sampled
moisture content. Figure 4 presents the calibration regression equation of one of the nine
soil moisture probes. The figure demonstrates a strong linear correlation between the data
obtained from the soil moisture probe and the actual volumetric moisture content of the
soil, indicating that soil compaction and initial moisture content do not affect the accuracy
of the soil moisture probe measurements.
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Figure 4. Calibration curve of the soil moisture probes.

3. Results and Discussion

The results obtained from the soil moisture probe measurements were used to create
soil saturation contours, which were subsequently utilized to comprehend the infiltration
depth during varying rainfall duration to evaluate the influence of rainfall intensity (I),
relative compaction (R.C.), and initial moisture content (w) on the infiltration behavior of
unsaturated soil.
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3.1. Effect of Rainfall Intensity on Infiltration Behavior

This section examines the impact of varying levels of rainfall intensity on the infiltra-
tion behavior and soil saturation in a slope compacted to a relative compaction of 90% at the
Optimum Moisture Content (OMC). Figure 5 illustrates the soil saturation contours under
different rainfall durations of 40, 80, 120 and 160 min, resulting from a rainfall intensity
of 80 mm/h. Based on the figure, it was observed that as the rainfall duration increased,
water infiltrated from both the top and the slope surface, causing the soil to gradually
approach saturation from the initial saturation level of around 75% from the upper left
to the lower right of the slope. The degree of saturation was indicated by the color, with
deeper blue indicating closer proximity to saturation. It was seen from Figure 5a that the
soil saturation was higher at the toe of the slope than at other locations, primarily due to
the rainfall infiltration from the slope surface and subsequent seepage towards the toe.
Park and Song [52] also indicated that the wetting front initially progresses downward, and
then the accumulated rainwater at the toe of the slope creates a water table that advances
toward the crest.
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Figure 5. Soil saturation contours relative to rainfall duration (I = 80 mm/h, R.C. =90%, w = OMC).

As shown in Figure 5b, rainfall infiltration caused the soil near the surface to transition
from a partially saturated state to a saturated state, resulting in the formation of a wetting
band after 80 min of rainfall duration. When the rainfall duration reached 120 min, the
depth of the wetting band on the slope gradually increased, as shown in Figure 5c. After a
rainfall duration of 160 min, the soil of the entire slope had almost fully saturated, as shown
in Figure 5d. Figure 6 displays the soil saturation contours at various rainfall durations
with a rainfall intensity of 160 mm/h. It is worth noting that an increase in rainfall intensity
caused a slight rise in infiltration rate. However, the overall infiltration behavior under a
rainfall intensity of 160 mm/h was very similar to that observed under a rainfall intensity
of 80 mm/h, indicating that rainfall intensity had a monor effect on the rainfall infiltration
behavior during the experiment. The high rainfall intensity during the experiment resulted
in most of the rainfall on the slope becoming surface runoff. This was because the hydraulic
conductivity of saturated soil, compacted at optimal moisture content and 90 R.C., is only
7.041 x 107> cm/sec, which is equivalent to 2.53 mm/h. This is much lower than the
rainfall intensities of 80 mm/h and 160 mm/h. According to Mein and Larson [53], when
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the infiltration rate is at capacity and decreasing, runoff is generated. At this point, the
hydraulic conductivity is smaller than the infiltration rate and rainfall intensity. As a result,
an increase in rainfall intensity had a limited impact on the infiltration rate but had a
significant effect on slope erosion. However, when the rainfall intensity is not as high, it
may have an impact on the rainfall infiltration behavior.
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Figure 6. Soil saturation contours relative to rainfall duration (I = 160 mm/h, R.C. = 90%, w = OMC).

In Figure 7, the failure conditions of the slope at saturation are depicted for a relative
compaction of 90% at the Optimum Moisture Content (OMC) under rainfall intensities of
80 mm/h and 160 mm/h, respectively. The direction of the view is the front of the slope.
Figure 7 shows that after 160 min of artificial rainfall, the slope failure characteristics varied
significantly with rainfall intensity. The high intensity of rainfall, measuring 160 mm/h,
resulted in an increase in overland surface runoff, causing severe erosion at the crest of the
slope and ultimately resulting in the formation of an arcuate gully. In contrast, rainfall with
a low intensity of 80 mm/h resulted in significantly less gullying. Despite differences in
the severity of gullying, the observations show that gullying initiated at the crest of the
slope and propagated downslope under both high and low rainfall intensities.

(a) I=80 mm/h (b) I=160 mm/h

Figure 7. Failure conditions under different rainfall intensities (R.C. = 90%, w = OMC).
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3.2. Effect of Initial Moisture Content of Compaction on Infiltration Behavior

This section describes an experiment where a rainfall intensity of 80 mm/h was
applied to a slope that had been compacted to a relative compaction of 90%. To investigate
the effect of the initial moisture content of the compacted soil on infiltration behavior, we
repeated the experiment with varying levels of soil moisture at the time of compaction. The
findings of the experiment are presented in Figures 8 and 9. Figures 8 and 9 illustrate that
the initial saturation level for the dry of compaction is approximately 70%, while for the
wet of compaction, it is around 85%. Regarding the effect of initial moisture contnet on
infiltration behavior, the results show that as the initial moisture content of the compacted
soil increased, the rainfall duration required to infiltrate to the same depth also increased.
Specifically, the infiltration duration increased from the dry of optimum, to OMC and to
the wet of optimum compaction. For instance, to fully saturate the soil of a slope through
rainfall infiltration, it would require 150, 160 and 168 min of rainfall duration, respectively,
for a slope compacted at the dry of optimum, at the OMC and at the wet of optimum.
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Figure 8. Soil saturation contours relative to rainfall duration (I = 80 mm/h, R.C. = 90%,
w = OMC-2%).

The soil slopes compacted at dry of optimum exhibited a flocculated structure with a
large number of voids and high hydraulic conductivity when the same relative compaction
was applied [14]. In contrast, compaction at Optimum Moisture Content (OMC) and wet of
optimum resulted in a dispersed structure that reduced the infiltration rate.

When comparing the failure characteristics of the slope at saturation, it was ob-
served that the severity of failure was higher for the soil compacted at the dry of the
optimum (Figure 10a) than for the soil compacted at the Optimum Moisture Content
(OMC) (Figure 7a) and the wet of optimum (Figure 10b). The failure process developed
rapidly in the soil slope that was compacted at the dry of optimum, with surface runoff
causing particle loss and resulting in failure at the crest and slope surface.
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Figure 9. Soil saturation contours relative to rainfall duration (I = 80 mm/h, R.C. = 90%,
w = OMC +2%).

(a) w = OMC-2%

(b) = OMC+2%

Figure 10. Failure conditions under different initial moisture content (I = 80 mm/h, R.C. = 90%).

Lambe [14] found that the dry density of the soil decreases after hydraulic conductivity
tests on soil compacted at dry of optimum. In contrast, no significant change or only a
slight increase in density occurs for a soil compacted at wet of optimum. This demonstrates
that soil compacted at a wet of optimum and affected by sub-surface flow or infiltration
during precipitation is less prone to subsiding and more likely to remain stable compared
to soil compacted at a dry of optimum. Therefore, when compacting soil, it is important
that the initial water content of the soil be controlled during compaction. Otherwise, the
soil structure may be altered, which may, in turn, affect the infiltration characteristics and
magnitude of any failure that occurs in the slope.
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3.3. Effect of Relative Compaction on Infiltration Behavior

This section examines the impact of relative compaction on infiltration behavior and
soil saturation for a slope that was compacted at the Optimum Moisture Content (OMC)
under a rainfall intensity of 80 mm/h. Results are plotted in Figures 11 and 12. From
soil saturation contours, the initial soil saturation of the compacted slope was lower when
the relative compaction was lower. The initial saturation level of the soil was 50% at a
relative compaction level of 70%, 60% at 80% relative compaction, and 75% at 90% relative
compaction, based on the soil saturation conditions shown in the saturation contours.
These findings indicate that as the relative compaction increased, the saturation level of the
soil increased. However, as the rainfall duration increased, the slope quickly saturated due
to its low relative compaction. In other words, as the relative compaction increased, the
infiltration time also increased. To fully saturate the soil of a slope through rainfall infiltra-
tion, it would take different amounts of time depending on the level of relative compaction.
Specifically, for a slope that was compacted at 70%, 80% and 90% relative compaction, it
would take approximately 64, 108 and 160 min of rainfall duration, respectively.

30cm

30cm

S0cm I ! S50cm !

(a) t=16 min (b) t=31 min

30cm ‘ I 30em I
[ |

50cm I S0cm
(c) t=47 min (d) t =64 min

Figure 11. Soil saturation contours relative to rainfall duration (I = 80 mm/h, R.C. = 70%, w = OMC).

Figure 13 illustrates the slope failure conditions at the Optimum Moisture Content
(OMC) for relative compaction levels of 70% and 80% under a rainfall intensity of 80 mm/h.
The severity of the slope failure was observed to be greater for the soil that had been
compacted at relative compaction of 70% (Figure 13a) in comparison to the soil that had
been compacted at 80% (Figure 13b) and 90% (Figure 7a) relative compaction levels. It
can be known that an increase in relative compaction reduces the probability of rainfall-
triggered landslides. Ultimately, increasing the level of compaction decreases the likelihood
of slope land disasters.



Water 2023, 15, 1599 11 0f 14

100

90

80
40cm

70

60

ISI)
40

! 50cm

(b) t =53 min

| 30cm

100 100

90 90

80

40cm

60

I 50
40

Figure 12. Soil saturation contours relative to rainfall duration (I = 80 mm/h, R.C. = 80%, w = OMC).
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Figure 13. Failure conditions under different relative compaction (I = 80 mm/h, w = OMC).

4. Conclusions

This study conducted model experiments of artificial rainfall on compacted unsat-
urated soil slopes, utilizing soil moisture probes to monitor the infiltration behavior of
the soil at various locations under the influence of rainfall. The experimental data were
presented as soil saturation contours to evaluate the impacts of rainfall intensity, initial
moisture content and relative compaction on the infiltration behavior of the compacted
unsaturated soil slopes. The use of soil saturation contours helped to visualize and quantify
the infiltration behavior of the slopes, allowing for a more detailed analysis of the experi-
mental results of the model experiments. These results provide insights into the behavior
of unsaturated soil slopes under artificial rainfall conditions, which can be used to design
more effective slope stabilization measures to prevent slope failure and minimize the risk
of landslides. The findings of this study were summarized as follows:



Water 2023, 15, 1599 12 of 14

1. During the initial rainfall infiltration, the soil saturation was observed to be higher at
the toe of the slope compared to other areas of the slope, and it gradually advanced
towards the crest, resulting in the formation of a wetting band along the slope surface.
As the rainfall duration increased, the wetting band progressed downwards along
the slope.

2. Failure began at the crest of the slope and junction with the slope. Soil erosion was
the main cause of slope failure due to the high rainfall intensity.

3. Astherainfall intensity increased to 160 mm /h, the majority of the rainfall on the slope
became surface runoff. Therefore, an increase in rainfall intensity caused only a slight
increase in the infiltration rate, indicating that once significant runoff was initiated,
increasing the rainfall intensity had minimal effect on the infiltration behavior of
the rainfall.

4. The slope compacted at the dry of optimum had a higher infiltration rate compared
to slopes compacted at OMC or wet of optimum, which made it more vulnerable
to failure.

5. As the degree of relative compaction increases, the infiltration time also increases,
resulting in a greater generation of surface runoff at a fixed rainfall intensity. However,
a higher degree of relative compaction causes the soil to become more tightly packed,
reducing its susceptibility to soil erosion caused by surface runoff.

6. Relative compaction is the most significant factor that affects infiltration rates, fol-
lowed by the initial moisture content of the compacted slope.

7. Although the intensity of rainfall had only a minor impact on the infiltration rates, it
had a significant effect on the severity of scour due to the substantial amount of surface
runoff, particularly when the soil slope is compacted at low relative compaction.
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