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ABSTRACT: This study investigates the influence of increasing soil moisture content on the Liquid Limit (LL),
Liquidity Index (LI), and their subsequent effects on slope stability through controlled laboratory-scale physical
modelling. Soil samples obtained from a landslide-prone area were initially characterized by index and consistency
tests to determine their physical properties. The construction of slope models replicated the actual field condition
at angles of 30°, 45°, and 60°, and was stimulated with a rainfall-induced failure scheme by progressive saturation.
The main challenge found in the study was that changes in the Atterberg limits and Liquidity Index with rising
moisture content in conventional slope stability assessment were frequently overlooked. Experimental results
reveal that an increase in water content significantly elevates the Liquidity Index, with slope failures predominantly
occurring when LI >1. Slopes with steeper angles, particularly those greater than 45°, indicates a significant
reduction in shear strength and cohesion under the saturation stimulation, resulting in a high risk of instability.
Furthermore, the results indicate that when water content exceeds the Liquid Limit, the soil structure rapidly
degrades and transitions into a fluid-like state, causing it more vulnerable to flow-type failures. Also, the study
provides empirical evidence encouraging the use of the Liquidity Index as a practical metric for assessing slope
failure risk in fine-grained soils. By integrating Atterberg limit parameters with physical slope modeling, the study
has managed to establish a simple, reliable, and cost-effective framework for evaluating rainfall-triggered
landslide. In addition, the findings emphasize the critical importance of monitoring LI and LL values in steep,
moisture-sensitive terrains as early warning indicators of slope instability.
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1. INTRODUCTION (LL), Plastic Limit (PL), and Shrinkage Limit (SL)
[16,17]. These parameters provide crucial
Slope stability is the main concern in geotechnical information about how the soil behaves under
engineering, specifically in the planning and design different moisture levels. The Liquidity Index (LI),
of infrastructure; highways, embankments, retaining derived from the Atterberg limits, is a key indicator
structures, open-pit mines, and earth dams [1,2]. of soil consistency relative to its plastic range. When
Slope failures can lead to severe consequences, LI exceeds unity, the soil will be in the liquid-like
including structural damage, causalities, state, indicated by extremely shear strength and an
environmental harm, and substantial economic losses increased risk of slope failure [18].
[3—5]. Therefore, a reliable slope stability assessment Numerous studies have highlighted the role of
is essential to mitigate these risks and ensure the water content and pore water pressure in triggering
durability and safety of the structures [6-8]. slope instability. Feng reported significant reductions
One of the primary factors contributing to slope in residual shear strength for cohesive soils when
instability is soil moisture variation, especially in subjected to oversaturation conditions [19]. Troncone
regions with intense rainfall and poor drainage [9,10]. et al. developed topographic models that correlate the
Changes in water content strongly influence the occurrence of shallow landslides with elevated
mechanical behavior of soils by modifying effective groundwater levels [20]. Other studies emphasized
stress, shear strength, deformation characteristics, the importance of matric suction and unsaturated soil
and pore water pressure conditions [11-15]. In mechanics in slope stability analyses [21-23].
cohesive soils, particularly clays, an increase in Rahardjo et al. experimentally demonstrated that
moisture  content can  significantly degrade increasing saturation reduces suction effects, thereby
mechanical strength and stiffness, making slopes accelerating slope failure in clayey soils [24].
more susceptible to failure. Similarly, Sugimoto and Ishizuka and Nofrizal et al.
For fine-grained soils, the consistency and showed that rainfall infiltration and groundwater
plasticity properties are typically assessed through the fluctuations play a critical role in reducing slope
Atterberg limits, which include the Liquid Limit safety factors and initiating landslides [25,26].
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Despite advances in numerical modelling
techniques and slope stability frameworks, the
influence of moisture-induced changes in Atterberg
limits and the Liquidity Index has been insufficiently
explored in physical modeling studies. Conventional
analyses typically assume invariant soil consistency
parameters, thereby neglecting the progressive
degradation of soil strength associated with
increasing water content. To address this gap, the
present study conducts controlled laboratory
experiments to investigate the relationship between
soil water content, Liquidity Index, and slope failure
behavior.

The study focuses on soils from the Talamau
Plateau in Pasaman Regency, West Sumatra (Fig.1),
an area frequently affected by landslides due to its
geological condition and substantial annual rainfall
[27,28]. Annual precipitation in the region ranges
between approximately 4,730 and 5,332 mm,
combined with slope inclinations commonly
exceeding 15°-30°, generating highly unfavorable
stability conditions. These conditions make the
Talamau region an ideal case study for examining
rainfall-induced slope failure mechanisms.

Physical slope models were constructed ata 1:100
scale using field soil samples and tested under
controlled rainfall conditions. The experiments were
aimed to identify critical moisture thresholds,
particularly when the Liquidity Index exceeds 1, and
to evaluate the resulting deformation and failure
mechanisms across different slope geometries. By
establishing an empirical relationship of consistency
parameters with slope behavior, this study provides a
practical and field-applicable approach for assessing
landslide susceptibility in fine-grained soils.
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Fig.1 Geographical location of the Talamau Plateau
landslide area of West Sumatra

2. RESEARCH SIGNIFICANCE

The primary significance of this study resides in
the experimental verification of the Liquidity Index
(LI) greater than 1 as a reliable and practical indicator
of slope failure in fine-grained soils. By establishing
a direct correlation between Atterberg limit
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parameters from the laboratory testing and the actual
physical manifestation of slope failure, this research
bridges the gap between conventional index testing
and real-world slope instability phenomena. Unlike
traditional slope stability assessments that assume
constant soil consistency parameters, this study
explicitly demonstrates how increasing soil water
content alters the Liquidity Index and accelerates the
transition from stable to unstable slope conditions.

3. MATERIAL AND METHOD
3.1 Study Area and Soil Sampling

This research was conducted on soils collected
from landslide-susceptible zones in the Talamau Sub-
district, Pasaman Regency, West Sumatra, Indonesia.
The region is characterized by steep terrain, complex
geological structures, and high annual rainfall,
making it highly vulnerable to rainfall-induced slope
failures. Field investigations identified critical
unstable locations where silty clay soils dominate the
near-surface layers.

Soil samples were collected using hand augers
and core samplers at depths ranging between 0 and
1.5 m, representing the most weathered and failure-
prone soil strata. The samples were transported to the
Geotechnical Engineering Laboratory of Andalas
University and the Soil Mechanics Laboratory of
Padang Institute of Technology for comprehensive
testing. Prior to laboratory analysis, the soils were air-
dried, cleared of organic matter and coarse fragments,
and sieved through a 2 mm mesh.

The physical and mechanical properties of the
tested soils are shown in Table 1.

Table 1. Values of soil characteristics of test samples

Experiment  Parameters  Value Units
Water w 60.594 %
content

Volume 3

weight Y 1,558  gram/cm

Specific Gs 2.627

gravity
Sieve Gravel 0.000 %
analvsis Sand 34.067 %
y Clay 65.933 %
SL 64.885 %
Atterberg PL 46974 %
PI 17.911 %

. c 0.218 kg/cm2
Direct shear 0 22 835 o
Compaction w opt 48.455  gram/cm3

P v dry max 1.235  gram/cm3

Note: SL = Shrinkage Limit, PL = Non-elastic Limit,
PI = Non-elastic Index, ¢ = cohesion, ¢ = Inner shear
angle, w opt = Optimum water content, y dry max =
dry soil specific gravity.
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Index and physical property tests were conducted
following ASTM standards, including natural water
content (ASTM D2216), specific gravity (ASTM
D854), unit weight, and Atterberg limits (ASTM
D4318). The Liquid Limit (LL) and Plastic Limit
(PL) values were subsequently used to calculate the
Liquidity Index (LI), which serves as an indicator of
soil consistency and its response to increasing
moisture content.

3.2 Physical Slope Modelling

Semi-three-dimensional physical slope models
were constructed at a scale of 1:100, with a uniform
height of 34 cm and a base width of 30 cm. The
models utilized the field soil compacted to 90% of the
maximum dry density under dry conditions. Slope
geometries of 30°, 45°, 60°, and 90° were selected to
represent both natural and anthropogenic slopes
commonly found in the study area.

Rainfall was simulated with a calibrated rainfall
simulator equipped with ten oscillating nozzles,
specifically designed to replicate local rainfall
intensities. Throughout the experimental procedures,
water infiltration, surface deformation, and slope
failure mechanisms were continuously monitored.
Soil moisture content was measured at regular
intervals, and additional soil samples were collected
during the tests to reassess Atterberg limits and
calculate the corresponding Liquidity Index values.
The slope model configuration and rainfall simulation
setup are illustrated in Fig. 2(a) and Fig. 2(b),
respectively.
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Fig. 2 Slope model. (a) Size of Landslide Model, (b)
Slope Model Dimension
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3.3 Experimental Framework

The experimental study was conducted to
investigate the failure mechanisms of silty clay soils
subjected to progressively increasing moisture
conditions. The research methodology consisted of
three primary stages.

Stage 1: Soil Characterization; this stage involved
determining the physical and mechanical properties
of the soil, including particle size distribution,
specific gravity, bulk and dry unit weights, moisture
content, and Atterberg limits (LL, PL, and PI). These
parameters provided the fundamental basis for
understanding soil consistency, plasticity, and
moisture-induced behavior relevant to slope stability.

Stage 2: Slope Model Construction and Rainfall
Simulation; in this stage, compacted soil samples
were employed to construct slope models at specified
angles. Controlled artificial rainfall was applied to
simulate infiltration and saturation processes.
Changes in soil moisture content were monitored over
time, and soil consistency parameters were re-
evaluated to assess the progression toward
liquefaction and slope instability.

Stage 3: Stability Assessment and Failure
Analysis; the final stage focused on evaluating the
relationship between increasing water content,
Liquidity Index evolution, and slope failure behavior.
Changes in shear strength, cohesion, and internal
friction were inferred from soil consistency
transitions. The combined effects of moisture content,
soil density, and slope geometry were analyzed to
identify critical thresholds leading to deformation and
collapse.

3.4 Water Content-Liquidity Index Relationship

In slope stability analysis, the interaction between
water content, Liquid Limit, and soil mechanical
properties is particularly critical for fine-grained
soils. As water content increases and approaches or
exceeds the Liquid Limit, soil cohesion and internal
friction angle decrease significantly due to reduction
of particle bonding and loss of matric suction. This
behavior is quantitatively captured by the Liquidity
Index (LI), defined as:

w—PL
LI =
LL-PL

(D

where w is the natural water content, PL is the
plastic limit, and LL is the liquid limit. Values of LI
less than zero indicate stiff or semi-solid soil, values
between 0 and 1 correspond to plastic behavior, and
values exceeding 1 represent a liquid-like state.
Variations in LI during rainfall simulation directly
reflect the degradation of soil shear strength and play
a critical role in slope failure initiation.

The variations of LI significantly affect soil unit
weight, cohesion, and internal friction, and are
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therefore critical for evaluating slope stability under
rainfall infiltration conditions. The temporal
evolution of the Liquidity Index (LI) during rainfall
simulations is illustrated in Fig. 3, highlighting the
progressive relationship between increasing moisture
content and soil liquidity. The corresponding LI
values for different soil conditions and slope
configurations can be seen in Table 2, providing a
quantitative basis for assessing slope failure
susceptibility in landslide-prone areas.

LI<0 LI=0 LIl LI=1

1 | |
| cerg b . | .
Semi Solid Plastic Liquid

PI

v

Solid

Fig. 3 Soil Liquidity Index Graph

Table 2. Quantitative basis for assessing slope failure
susceptibility [29]

Items Description
LI<1 Semi-solid soil, high strength
0<LI<1 Plastic state soil, medium strength,
soil is a kind of plastic material
LI>1 Soil begins to lose consistency,
approaching liquid state, soil is
liquefiable.
LI>1.5 Very soft/liquid soil means that the

water content of the soil is higher
than its liquidity limit, so the soil
behaves like a liquid and loses its
cohesion.

4. RESULTS AND DISCUSSION
4.1 Soil Properties and Grain Size Distribution

The results of the sieve analysis on the soil
samples used in the slope modelling experiments are
presented in Table 3. Particle size distribution plays a
critical role in evaluating soil behavior, particularly
concerning permeability, plasticity, and susceptibility
to slope failure. The soil samples were in grain sizes
ranging from 4.75 mm to 0.075 mm, with no particles
retained on the No. 4 sieve, indicating the absence of
gravel-sized material.

Soil retention began at the No. 10 sieve (2.0 mm),
accounting for 1.43% of the total mass, and increased
significantly at the No. 20 and No. 40 sieves, with
cumulative retention values of 8.83% and 19.60%,
respectively. The maximum retention occurred at the
No. 100 sieve (0.15 mm), representing 32.30% of the
sample. A substantial proportion of the soil (65.93%)
passed the No. 200 sieve, confirming the dominance
of fine-grained particles.
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The corresponding grain size distribution curve
(Fig. 4) displays a smooth and continuous profile,
indicating a relatively uniform gradation without
abrupt changes in particle size. The steep slope
observed within the fine fraction range suggests a
high content of clay and silt, which is typically
associated with low permeability and high-water
retention capacity. These characteristics strongly
influence slope stability by facilitating pore water
pressure buildup during rainfall infiltration. Based on
the gradation data in Table 4, the soil is composed of
34.07% sand and 65.93% clay, with no gravel content.
This classification confirms that the soil is fine-
grained and plastic in nature, making it highly
sensitive to moisture variations and prone to strength
degradation under saturated conditions.

Table 3. Soil Grain Size Distribution Data

Sieve Retained thal Pergent Escaped G rain
number  weight re'talned retained (%) diameter
weight [g] (%) [mm]
4 0.0 0.000 0.00 100.00 4.75
10 43 4.300 1.43 98.57 2
20 222 26.500 8.83 91.17 0.84
40 323 58.800 19.60  80.40 0.42
100 38.1 96.900 3230 67.70 0.15
200 5.3 102.200 34.07 65.93 0.075
PAN 197.8 300 100.00  0.00
Sand =
Fine Coarse - Medium ‘E
] *
= §
e w é’
© g

00100 0.1000

Diameter
Fig.4 Soil grain distribution graph

Table 4. Summary of Soil Gradation Percentages

No Soil type Percentage (%)
1 Gravel 0
2 Sand 34.07
3 Clay 65.93

4.2 Effects of Increasing Water Content on Liquid
Limit and Mechanical Properties

The influence of water content on soil consistency
and mechanical behaviour was evaluated through
laboratory testing and physical slope modelling.
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Slope deformation and failure processes were
continuously recorded using video documentation.
Meanwhile, soil moisture content was measured at
different stages of rainfall simulation.

The results indicate that increasing water content
significantly affects the Liquid Limit (LL) and Plastic
Limit (PL) values, leading to changes in soil plasticity
and shear strength. As moisture content approached
the Liquid Limit, soil stiffness decreased noticeably.
resulting in progressive deformation. Once the water
content exceeded the LL, the soil transitioned into a
viscous, fluid-like state indicated by a significant loss
of cohesion and internal friction

The experimental data presented in Table 5 show
that the average reduction of water content was
approximately 47.85%. which closely corresponds to
the measured Liquid Limit. This observation
confirms that slope failure initiation is strongly
correlated with moisture content near or exceeding
the LL. Furthermore, the correlation between water
content and the number of blows in the Casagrande
test illustrated in Fig. 5, follows a logarithmic trend,
further validating the consistency limits obtained.

Soil Liquid Limit
y =-1.0835x + 50.56\

50.000

49.000 -

%

-~ 48.000

47.000 -

46.000

Water Content

45.000

44.000

20 24 29 32
No, of blows, N

Fig.5 Liquid limit test results

Table 5. Liquid Limit and Plastic Limit Test Results

4.3 Liquidity Index Evolution and Slope Failure
Behavior

The results of the Liquidity Index (LI) tests
obtained in this experiment are presented in Figs. 6—
9. A detailed discussion of the observed test results is
provided in the following section.

The Liquidity Index (LI) demonstrated
considerable efficacy as parameter for indicating the
progression of soil behavior from a stable to an
unstable state. Across all slope configurations, LI
values increased sharply as water content rose during
rainfall simulation. Slope failure consistently
occurred when LI exceeded unity indicating a
transition to liquid-like state.

For the slope inclined at 30°, failure was initiated
once the moisture content exceeded the soil’s Liquid
Limit, with LI values rapidly increasing beyond unity.
Continued saturation resulted in a quasi-liquid state,
ultimately leading to total slope collapse. Although
gentler slopes required higher moisture content to fail,
the results demonstrate that even moderate slopes can
become unstable once the soil reaches a liquid
consistency.

In the 45° slope model, deformation occurred at
lower moisture contents compared to the 30° slope,
highlighting the combined influence of slope
geometry and soil consistency. Partial failure began
before the Liquid Limit was reached while the total
collapse occurred once LI exceeded 1, indicating a
plastic-to-liquid transition.

The models with slopes of 60° and 90°
demonstrated extreme sensitivity to moisture increase.
In these cases, small increments in water content
caused rapid increases in LI and immediate
reductions in shear strength. Failure occurred
abruptly once the Liquid Limit was exceeded, with LI
values reaching as high as 12.9 for the 60° slope and
28.4 for the vertical slope. These results demonstrate
that steep slopes are particularly vulnerable to
rainfall-induced liquefaction and flow-type failures.

Type of Inspection Liquid Limit Plastic Limit
No Many of strokes 20 24 29 32 A B
1 Weight of Cup + Wet Soil 8.55 7.54 8.05 10.23 6.94 7.07
2 Weight of Cup + Dry Soil 7.13 6.45 6.79 8.31 6.21 6.52
3 Weight of Water: (1-2) 1.42 1.09 1.26 1.92 0.73 0.55
4 Weight of Cup 4.25 4.2 4.15 4.13 4.24 5.14
5 Weight of Dry Soil: (2-4) 2.88 2.25 2.64 4.18 1.97 1.38
6 Water content: (3 : 5) x 100 (%) 49306 48.444 47727 45933  37.056 39.855
7 Average collapse water content (%) : 47.853 38.455
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4.4 Effect of Slope Geometry on Failure

Slope geometry significantly influences both the
timing and mode of failure. Gentler slopes tend to
experience progressive deformation and delayed
collapse whereas steeper slopes fail rapidly once
critical moisture thresholds are exceeded. As slope
angle increases, gravitational forces intensify the
effects of reduced shear strength making failure more
sudden and severe.

The experimental results show that for steep
slopes the Liquidity Index increases more rapidly
with moisture content accelerating the loss of soil
structure. This interaction between slope angle and
soil liquidity underscores the importance of
incorporating both geometric and hydraulic factors in
slope stability assessments.

4.5 Mechanism of Rainfall-Induced Slope Failure

The dominant failure mechanism observed in this
study is moisture-induced liquefaction resulting from
excessive pore water pressure. As water infiltrates the
soil matrix, matric suction decreases, particle bonding
weakens, and effective stress is reduced. When the
water content exceeds the Liquid Limit, soil particles
lose contact, cohesion approaches zero, and the soil
behaves as a viscous fluid.

Under these conditions. even minimal
gravitational forces can initiate slope movement.
particularly on steep slopes. Additionally, external
disturbances such as prolonged rainfall or seismic
vibrations can further accelerate failure leading to
rapid flow-type landslides.

5. CONCLUSIONS

This study demonstrates that soil moisture content
and slope geometry are the primary factors
influencing slope failure mechanisms in fine-grained
soils. Laboratory-scale physical modelling confirms
that increasing water content significantly alters soil
consistency leading to reductions in shear strength
and cohesion as the Liquid Limit is approached and
surpassed.

Experimental data consistently show that slope
failure occurs when the Liquidity Index exceeds 1.
marking the transition from plastic to liquid soil
behaviour. Steep slopes (60° and 90°) exhibit
particularly high vulnerability with abrupt failure
occurring at relatively small increases in moisture
content. The maximum recorded Liquidity Index
reached 28.4 for the vertical slope indicating
complete soil liquefaction and total loss of structural
resistance.

The findings validate the Liquidity Index as a
reliable and practical indicator for assessing rainfall-
induced slope failure risk in cohesive soils.
Incorporating LI into slope monitoring and early
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warning systems provides a simple, cost-effective.
and field-applicable approach for identifying critical
moisture thresholds. This research contributes to have
a better understanding of slope instability
mechanisms and offers valuable guidance for
geotechnical risk assessment and landslide mitigation
in moisture-prone terrains.
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