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Abstract
Prior researchers indicated that prolonged and heavy rainfalls
primarily trigger major landslides in Malaysia. This study was carried
out to investigate the influence of rainfall on the matric suction of silty
sand slopes through a small-scale model. A 35° and 45° slope
(namely EXP1 and EXP2) models were built using soil samples from
the former landslide site at Kemensah Heights, Selangor, Malaysia.
Two types of sensors were used to measure matric suction and
rainfall intensities using Watermarks 200SS Soil Moisture Sensor
and Hydreon rain gauge RG-15, respectively. The elapsed time since
the beginning of the rainfall was recorded using two cameras placed
at the front and side of the slope model to observe progressive
failure. The results showed that the initial matric suction with a value
of 250 kPa is significantly reduced and approached 0 kPa when the
range of cumulative rainfall intensity is between 30 and 36.75
mm/min and 5.25 and 6.75 mm/min recorded by PP1 and PP2 in
EXP1 and EXP2, respectively. The results indicate that the reduction
in matric suction induced by rainwater infiltration is the triggering
mechanism of slope failure. It has also been noticed that rainfall
infiltration increases with decreasing slope gradients. However, a
small gradient slope requires longer rainfall prior to failure. A slope
with a high gradient has a longer time before failure occurs after loss
of matric suction than a low slope gradient.
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INTRODUCTION

Landslides are significant geological risks
that take place in mountainous or hilly terrain,
causing severe damage to property and the loss
of lives. Landslides are described as the
movement of rocks, debris, or soil induced by
gravity involving quick or slow movement close to
the slope surface. Several factors influence
landslides, among which can be classified into two
factors: internal and external. The external factors
triggered by earthquakes, volcanic activities,
human interference, slope steepness, surcharge
load, and rainfall, to name a few [1, 2, 3]. The
internal factors are due to changes in intrinsic soil
stress caused by pore pressure, matric suction,

and shear strength properties (i.e., internal friction
angle and cohesion) [4][5].

Massive landslides in Malaysia are mainly
attributed to frequent and prolonged rainfalls
[6,7,8]. Methods based on the measurement of
rainfall effect on slope instability (later known as
rainfall-induced landslide) have been developed
for landslide prediction in the previous studies
either through rainfall threshold value [9][10] or
sensor-based monitoring [11, 12, 13]. The
explanations of landslides that occur after rainfall
have been elucidated in literature, where
rainwater infiltration causes a decrease in soil
matric suction and shear strength, eventually
resulting in slope failure. The failure mechanism
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occurs when precipitation permeates the slope
and completely saturates the soil. Consequently,
the moisture content of the soil is elevated, leading
to a subsequent decrease in matric suction and
shear strength. The decrease in soil shear
strength leads to the instability and eventual
failure of the slope [14][15]. Upon full saturation of
the soil slope, the soil suction ceases entirely, and
positive pore water pressure forms on the slope
[16]. After or during intense rainfalls, after
extended periods of rain, or with a significant delay
to downpour events, one can notice the mass
movements, debris, and mud flows.

Several field and laboratory experiments
have been conducted to investigate the effects of
rainfall on slope stability in different types of soil.
The significance of hydrological and geotechnical
factors of a slope on rainfall-induced landslide was
investigated by [17] through a series of parametric
investigations. The study indicates that several
factors, including rainfall intensity, soil
characteristics, groundwater table, and slope
dimensions, substantially impact the instability of
a slope caused by rainfall. In conclusion, the study
found that the higher slope angle causes a lower
safety factor. Another research by [9] presented
suction distribution in the soil during critical rainfall
patterns to determine the safety factor of different
types of soil. Recent research by [18][19]
presented the results of a slope model subjected
to artificial rainfall. It is instrumented with a pore
pressure sensor to develop a time prediction
method for landslides and elucidate the reduction
shear strength of soil, respectively.

Very limited studies have been found in the
literature combining rainfall intensity, matric
suction, and slope gradient to determine slope
instability. In this study, combinations of the
parameters were used to investigate the influence
of rainfall on matric suction for the small-scale
instrumented model slope made of silty sand soil
subjected to artificial rainfall.

METHOD
Soil Sample Collection

The disturbed and undisturbed soil samples
were collected at the former landslide site at
Kemensah Heights, Selangor, Malaysia, which
occurred on 18 September 2021. The landslide
translated approximately 2536 m? of earth,
blocking a river downstream of the slope, as
shown in Figure 1. Based on local news, the
landslide occurred after three days of rainfall. The
collected samples were stored in a sealed plastic
bag and then air-dried for a few weeks (Figure 2).

Figure 1. Landslide incident at Kemensah
Heights on 18 September 2021

Figure 2. Soil samples were air-dried.

The residual soil of the study area is mainly from
weathered granitic rock.

Laboratory Test

A series of laboratory tests were conducted
to determine the soil properties, as summarised in
Table 1. The tests include sieve analysis,
Atterberg Limit, particle density, permeability,
shear strength, and compaction.

Experimental Test

The dimensions of the acrylic box used in
this study are 152 cm in length, 102 cm in height,
and 51 cm in width, as shown in Figure 3 [2]. A
modified PVC pipe of 15 mm diameter with an
attachment of eight water sprinklers was installed
above the slope to provide artificial rainfall, as
shown in Figure 4.

Table 1. Laboratory test and standard of testing.
Test Standard of Testing
Sieve Analysis BS1377:1990, Part 2
Atterberg Limit BS 1377:1990, Part 2
Particle Density BS 1377:1990, Part 2

oucnhwr\:—\oz

Permeability BS 1377:1990, Part 5
Direct Shear BS1377:1990, Part 7
Compaction BS 1377:1990, Part 4

556

J. Jelani et al., Instrumented model slope to investigate the influence of rainfall and slope ...



p-ISSN: 1410-2331 e-ISSN: 2460-1217

The box was set up at a 6° angle, approximately
16 cm elevated from the floor, to prevent water
puddling at the toe of the slope. A channel was
built at the front to allow excess water to drain out
to a nearby drainage.

A 35° and 45° slope models were built
inside the box and compacted for every 5 cm lift
with 30 blows using a modified square hand
compactor. The proposed slope angles are
selected based on previous study [8]. The average
bulk density, p», of compacted soil was calculated
using (1). The relative compaction of soil inside the
box was compared to a laboratory compaction test
to determine its relative density, R, expressed in

).
pb =

Weight of soil in box (kg) (1 )

Volume of box(m®) '
Ad(field) 2)
Ad max (lab)

This study adopted a rainfall intensity of 45
mm/hr to represent the medium rainfall categories
in Malaysia based on the average rainfall intensity
defined by Urban Stormwater Management
Malaysia. The rainfall intensity was measured
using Hydreon rain gauge RG-15, with nominal
accuracy of within £+10%, capable of operating
within temperatures of -40°C to +60°C. The matric
suction was determined using a soil moisture
sensor (Watermarks 200SS by Irrometer) to
monitor the changes in suction during rainfall
infiltration. The Watermarks sensor can measure
matric suction ranges between 0 kPa to 200 kPa.
Before its installation, the calibrated sensors were
soaked in the water for one or two days to allow
air removal from the sensor. Then, wet silica sand
was used to wrap the sensor with an approximate
thickness of 3 cm, as shown in Figure 5a.
Subsequently, the sensors were wrapped with a
perforated thin fabric to contain the sand and allow
water to seep in or out (refer to Figure 5b). The
wrap is tied, and the wrapped sensors are again
soaked in water for one or two days before
installation, as shown in Figure 5c.

The suction values were set to continuously
and automatically register the data every minute.
The readings of both types of sensors were
monitored using Campbell Scientific Data Logger
CR350, equipped with 16 channels.

During the construction of the slope model,
two Watermarks 200SS soil moisture sensors
(PP1 and PP2) were installed at a depth of 5 cm.
The schematic representation of the slope model
and arrangement of sensors are presented in
Figure 6. Two cameras were positioned at the
front and side of the box to capture progressive
slope failure. Table 2 summarises the
experimental program of this study.

Relative compaction : R (%) =

Fgure 4. Position of eight water sprinklers
attached to modified PVC pipes placed on the top
of the slope model

Figure 5. Preparation of Watermarks 200SS
sensors: (a) wet silica sand is used to wrap the
sensors, (b) thin fabrics were used to contain the
silica sand and sensors, and (c) soaked the
prepared sensors in water for one or two days
before testing

Table 2. Experimental program

No. of Exp Slope Rainfall Duration
Angle Intensity of rainfall
(°) (mm/hr) (min)
EXP1 35 45 60
EXP2 45 45 60
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Figure 6. Schematic representation of slope model
and position of sensors for slope angle (a) 35° and
(b) 45°

RESULTS AND DISCUSSION
Laboratory Test Results

The result of the sieve analysis is shown in
Figure 7, which comprises 16% clay, 28% silt,
42% sand, and 14% gravel. Based on the British
Soil Classification System, the soil is classified as
Silty Sand. The result of the compaction test is
shown in Figure 8. The relative compaction, R, of
the soil in the box, is approximately 70%. Table 3
summarises the results of laboratory testing.

Observation of silty sand slope subjected to 45
mm/hr rainfall intensity

The signs of failure in all experiments were
observed at 20-, 40-, and 60-minute intervals.
Based on the results, the types of failure for EXP1
and EXP2 are similar, which is categorised as
gully erosion.

16.6 -
16.5 -
16.4 -
16.3 ~
16.2 -
16.1 -

16 \ T
6 8 10

Water Content (%)

Dry Density (kN/m?3)

Figure 8. Soil compaction test results

Table 3. Summary of laboratory test results

Properties Results
Liquid Limit (%) 40
Plastic Limit (%) 26
Plastic Index (%) 14
Particle density (Mg/m?®) 2.63
Permeability (10 mm/s) 5.96
Max dry unit weight (kN/m?®) 16.51
Optimum moisture content (%) 7.3
Cohesion (kPa) 5
Friction angle (°) 41

They occur when the soil at a shallow depth
reaches full saturation. The runoff water begins to
flow down the slope surface and subsequently
erodes the surface [20].

Gully deformation and duration of slope
failure are more likely influenced by slope
gradient. The average gully deformation in EXP1
and EXP2 are 9 cm and 17 cm, respectively. The
findings indicate that the higher the slope gradient,
the higher the slope erosion, which is congruent
with findings by [21]. The duration of slope failure
for EXP2 occurred 50% faster than EXP1. The
results imply that as the slope gradient increases,
the duration of failure and gullies dimension
increase under similar rainfall intensities. Table 4
illustrates the differences in slope conditions for
EXP1 and EXP2 from the front view.

Table 5 compares the side view of the slope
before and after the experimental test. For EXP1,
the depth of rainwater infiltration is more
compelling than EXP2 due to the slow movement
of surface runoff, which gives it time to infiltrate the
soil. However, the failed time for EXP1 is 50%

g 100 longer than that of EXP2. The results imply that
o 8 infiltration increases with decreasing slope
g 60 gradient. However, a smaller gradient slope
9& 40 requires longer rainfall before failure [22].
% 20
o
S 0

0.001 0.01 0.1 1 10 100

Particle Size (mm)

Figure 7. Particle size distribution of soil

558 J. Jelani et al., Instrumented model slope to investigate the influence of rainfall and slope ...



p-ISSN: 1410-2331 e-ISSN: 2460-1217

Table 4. An elapsed time since the onset rainfall for EXP1 and EXP2 from the front view.

20 40 60
minutes minutes minutes

No Slope angle (°) Before
Experiment

EXP1 35

EXP2 45

/]

Table 5. Comparison of slope conditions, failure duration, and gullies formation for EXP1 and EXP2
subjected to rainfall intensity of 45 mm/hr.

No. Exp

Before

After

Durations of slope
failure
Gullies Deformation

Required 40 minutes to failed

Average vertical deformation from
laboratory testis 9 cm

Required 20 minutes to failed

Average vertical deformation from
laboratory testis 17 cm

Relationship of cumulative rainfall intensity,
rainfall duration, and matric suction

Figure 9 shows the graph of cumulative
rainfall intensity, matric suction, and rainfall
duration for both experiments. The maximum
matric suction values for both experiments are
approximately 250 kPa. As the rainfall progresses,
the value suddenly drops to 0 kPa once the
infiltrated rainfall reaches the sensor at cumulative
rainfall between 30 to 36.75 mm/min and 5.25 to
6.75 mm/min recorded by PP1 and PP2,
respectively.

The difference in soil suction distribution
patterns is due to the variability of slope angle and
position of sensors [23][24]. Failure states,
indicated by the red line for EXP2, are
approximately 11 to 13 minutes delayed by the
sudden drop of matric suction. Whereas for EXP1,
it occurs faster in less than 2 minutes due to the
influence of slope gradient. A slope with a high
gradient has a longer time before failure takes
place after loss of matric suction compared to a
low slope gradient. The study’s findings conclude
that the loss of matrix suction indicates a slope
failure, showing that matric suction decreases as
water infiltrates into the slope [25].
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Failure state for Exp2 (45°
slope) occurred at min 20" ~a

Failure state for Exp1 (35°
~— slope) occurred at min 40t
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Figure 9. Graph the relationship between cumulative rainfall intensity with matric suction for EXP1 and
EXP2 subjected to artificial rainfall.

CONCLUSION

There are a few conclusions drawn from the
study as follows:
The initial matric suction value of 250 kPa is
significantly reduced. It reaches nearly 0 kPa
once the infiltrated rainfall reaches the sensor
when the range of accumulative rainfall
intensity is between 30 to 36.75 mm/min and
5.25 to 6.75 mm/min recorded by PP1 and
PP2.
A slope with a high gradient has a longer time
before failure takes place after loss of matric
suction compared to a low slope gradient.
For EXP2, the failure occurred 50% faster than
that of EXP1. The average gullies’ deformation
in EXP1 and EXP2 are 9 cm and 17 cm,
respectively. The findings indicate that slope
angle has an influence on the duration of failure
and gullies’ dimension under similar rainfall
intensities.
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