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integrated real-time rainfall-slope monitoring framework for landslide predictions that
combines Internet of Things (loT)-based sensor networks using Arduino Nano ESP32
with the Blynk application. Three phases of work were conducted, to fulfil the
objectives of study which are 1) to investigate the geotechnical properties of soil from
selected slope, 2) to develop a rainfall-slope monitoring system using Arduino Nano
ESP32 with Blynk application, and 3) to assess the rainfall-slope monitoring system on
alab-scale slope model under controlled conditions. The system continuously monitors
slope movement and environmental parameters such as soil moisture and
temperature. The system was calibrated using these parameters, with critical values
such as optimum moisture content and shear strength used as thresholds. The
observation of surface runoff also takes into account things such as measuring the rate
of infiltration. The system has successfully measured changes in slope properties such
as soil moisture levels, which increased significantly with higher volumes of artificial
rainwater varied by time in seconds (1000 ml to 5000 ml under durations of 20, 40, and
60 seconds). Additionally, slope angles decreased from 45.0° to 44.5°, due to the soil
saturation increment. The system effectively detected changes in each parameter
within a 60-second observation window per condition. Alerts were triggered when
moisture exceeded 17.5% and tilt surpassed 10 mm. The study demonstrated that

Keywords: calibrated thresholds based on actual soil behavior significantly improve the
Internet of Things; landslide; rainfall responsiveness and reliability of early warning systems, especially for rainfall-induced
pattern; real-time data; slope landslides.

1. Introduction

Rainfall-induced landslides occur when heavy or extended rainfall stimulates the movement of
rock and soil on sloping terrain. This phenomenon is more common in areas with steep terrain, weak
or poorly compacted soil formations, and periods of heavy precipitation. When there is a heavy rain
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for a long period, the soil becomes saturated and loses shear strength, making it more prone to
sliding. Additionally, as precipitation percolates into the soil, pore water pressure rises, and the
frictional resistance between soil particles decreases [1, 2]. These activities can have a cumulative
effect that alters the stability of the slope, creating instability and the possibility of landslides
occurring.

An area's susceptibility to landslides caused by rainfall is influenced by several factors.
Topography is important because areas with steep slopes are more prone to landslides by nature,
especially when combined with erosive tendencies [3, 4]. The composition, stability, and compaction
of the soil all play a major role in determining the possibility of landslides. Such occurrences are
common in the Himalayan region because of its distinct topography and monsoonal rainfall patterns
[5]. These kinds of landslides are common in Malaysia, especially during the monsoon season because
of the country's tropical environment and heavy rainfalls of up to 700 mm each month. The increased
precipitation levels can potentially saturate the soil, lowering its mechanical characteristics and, as a
result, decreasing slope stability [4]. Intense and prolonged rainfall is a primary trigger for landslides
as it increases pore water pressure within the soil, reducing shear strength and leading to slope
failures [6]. The degree and duration of rainfall during the monsoon season are closely related to the
initiation of landslides.

Reducing the risks connected to landslides caused by rain requires a variety of approaches. Early
warning systems (EWS) that always monitor slope stability, soil moisture, and rainfall can send out
vital notifications that allow for prompt evacuations of high-risk locations [7]. An essential function
of land use planning is to highlight the need of avoiding building on steep slopes and putting erosion
control measures in place. Additionally, by lowering surface runoff and fostering soil cohesiveness,
preservation such as maintenance on slopes can also improve soil stability.

In the context of the Landslide Early Warning System using loT, the deployment of sensors in
landslide-prone areas is an essential component of this proactive monitoring approach. These
sensors, including soil moisture, rain drop, water level, temperature, and humidity sensors, will be
placed to collect data on slope movements, deformation, and other elements that affect slope
stability and induce landslides. The use of loT technology enables the seamless integration of various
sensors, allowing for real-time data collection and transmission [8].

Rainfall-induced landslides threaten communities, infrastructure, and the environment,
especially in regions with steep terrain, weak soils, and heavy precipitation. Traditional monitoring
systems often fail to provide timely and accurate warnings, resulting in inadequate preparedness and
response. Thus, an advanced system is needed for continuous observation of environmental factors
that trigger landslides. Significant parameters include soil moisture, slope angle, surface runoff,
temperature and humidity. Slope angles were measured to assess the impact of rainfall on slope
stability, moisture sensors assess soil water content, temperature and humidity sensors detect
changes in the physical characteristics of water and soil [6].

Existing systems lack real-time data integration and prompt threat communication. The proposed
Landslide Early Warning System uses loT technology to integrate various sensors for real-time data
collection and transmission. Therefore in-corporation with Physical Sensors, Arduino and Blynk, an
integrated systems are being developed to monitor the possibility of landslides to occur in real time.
This system enhances response accuracy and timeliness, addressing the shortcomings of traditional
methods and reducing natural disaster risks for communities in landslide-prone areas [9].

The aim of this study is to study the impact of rainfall on slope using loT- based system with aims
to create safer communities by providing accurate information to reduce the impact of landslides.
The objectives are 1) to investigate the geotechnical properties of soil from selected slope, 2) to
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develop a rainfall-slope monitoring system using Arduino Nano ESP32 with Blynk application using
selected sensors, and 3) to assess the rainfall-slope monitoring system on lab scale slope model.

2. Methodology

This study encompasses three pivotal phases essential for its completion. Phase 1 will be focused
on soil geotechnical analysis, emphasizing mechanical and physical testing of the soil without altering
its inherent properties and saturations. Phase 2 is dedicated to loT development, involving tasks such
as operating the sensors and consolidating all generated output into Blynk Application. During this
phase, the collected data will be stored in a cloud-based system and displayed in a graph. Finally,
Phase 3 integrates the outcomes of both Phase 1 and Phase 2, incorporating additional testing on a
laboratory model that will be physically fabricated in the lab. The model will be testing on different
rain intensities (1000 ml, 3000 ml, and 5000 ml) under different duration (20 second, 40 second, and
60 second). The flowchart for each phase t is shown in Figure 1 and Geotechnical properties analysis
will be later further discussed in Results and Discussion section.
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Soil Test
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Fig. 1. Flow chart for the study

2.1 Location and Site Sampling

Nilai is situated in a region characterized by varied topography, including hills and valleys, which
are inherently susceptible to landslides. The area's geological composition, consisting of weathered
rock and soil layers, contributes to slope instability, especially during heavy rainfall. The presence of
weak rock formations, such as shale and mudstone, further exacerbates the risk of landslides [10].
These geological and topographical features make Nilai an excellent case study location for examining
the underlying causes of landslides and developing predictive models for slope failures.
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Soil sample was collected at Bandar Baru Nilai, 71800 Nilai, Negeri Sembilan. The coordinate of
the location is 2.821228E, 101.786873W. The geotechnical properties analysis of the soil sample is
conducted at Soil Laboratory, Universiti Putra Malaysia (UPM), Malaysia
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Fig. 2. a) Sampling location (Google Map, 2025), b) collecting process of
disturbed samples at hilly area and c) geological map of Bandar Baru Nilai,
Negri Sembilan, Malaysia.

2.2 Geotechnical Experimental

This section will discuss a geotechnical experimental conduct in soil laboratory to determine the
physical and mechanical properties of studied soil. The referred standard for each test is shown in
Table 1.

Table 1
Geotechnical properties test and the
respective standards

Properties Standard
Particle Size Distribution [11]
Atterberg Limit (LL, PL) [12]
Linear Shrinkage Limits, LS [13]
Specific Gravity, G [14]
Compaction [15]
Permeability, k [16]
Shear Strength [17]

2.2.1 Physical Properties

The physical properties such as particle size distribution, Atterberg limit test and specific gravity
were carried out for soil samples. For soil samples taken, sieve analysis is an essential technique for
describing the distribution of particle sizes. This method yields a thorough material's gradation by
the quantitative determination of mass across multiple size categories and the methodical
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segregation of particles. This test was conducted according to ASTM D 422-63 by using Endecotts EFL
2000 Sieve Shaker machine (Figure 2a). The resulting data set includes retained masses, percentages
going through each sieve, and sieve analyses performed consecutively. This provides all the
information required to ascertain the test sample's particle size distribution to determine the physical
properties of the soil taken from the site. the liquid, plastic, and shrinkage limits of fine-grained soils,
the Atterberg limits test is utilized. The Atterberg limits test was carried out based on the ASTM D
4318. This test was conducted by using the Casagrande apparatus as shown in Figure 2b. Specific
gravity or known as pycnometer test (Figure 2c) stands as a fundamental and dimensionless property
crucial to the understanding of soils materials. As the ratio of material density to water density,
specific gravity plays a pivotal role in calculating essential soil parameters, including density, void
ratio, and saturation. This test is carried out based on the ASTM D854-14.

(a) (b) (c)
Fig. 3. a) Sieve shaker apparatus for sieve analysis, b) Casagrande apparatus for liquid limit test and c)
Pycnometer apparatus for specific gravity test

2.2.2 Soil Compaction Test

Compaction is a mechanical method designed to minimize the air spaces between soil particles
by bringing them closer together. This results in densely packed soil with higher unit weight and
density compared to less compacted soils. In construction, soil compaction is crucial because it
provides working platforms. This testing follows the ASTM D698 standard, which outlines the
methods for determining the compaction characteristics of soil in a laboratory using standard effort.
The purpose of this test is to establish a relationship between the moisture content and the dry
density of the soil to find the optimum moisture content for the soil.
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Fig. 4. Standard Proctor test

2.2.3 Mechanical Properties Tests

Mechanical properties of soil were determined using Direct Shear Box apparatus to determine shear
strength behaviour of soil and Falling Head Permeability test.

a)

Direct Shear Box Test

The direct shear test entails placing a soil specimen in a shear box apparatus, applying a
predetermined normal stress, and creating wetting with draining conditions for the specimen.
The specimen is then consolidated under the applied normal stress. The test is conducted
based on ASTM D 3080 — Standard Test Method for Direct Shear Test of Soils Under
Consolidated Drained Conditions. In this test, two types of specimens, one dry and the other
wet, are compared to determine the shear strength of each soil material. Shear strength is
characterized as the maximum resistance a material can endure when subjected to shearing
forces. The test is conducted using Soil Direct Shear Testing Machine Model ST-DS5A.

Falling Head Permeability Test

This test method is to determine the coefficient of permeability for laminar water flow
through fine soils. This method is particularly suitable for assessing the permeability of fine-
grained soils, such as those commonly encountered in natural deposits, embankments, or
base courses beneath pavements. The falling-head permeability test is ideal for situations
where a constant-head method is impractical or ineffective. It involves measuring the rate of
water flow through a soil specimen under a falling hydraulic head, allowing for the
determination of the soil's permeability coefficient (Figure 3a). This test is carried out based
on ASTM D5856.
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(b)
Fig. 5. Mechanical properties tests a) Direct Shear Box and b) Falling Head Permeability tests

2.3 Internet of Things (loT) Works Program

In this section, a brief explanation for each part of loT system used in this study was discussion
begin with the microcontroller board ESP32, Arduino IDE application, Blynk platform and related
sensors to observe selected geotechnical parameters.

2.3.1 Microcontroller Board ESP32

ESP32 is a low-cost, low-power system-on-a-chip microcontroller featuring built-in Wi-Fi and
dual-mode Bluetooth (Figure 6). The ESP32 is a multipurpose microcontroller with many loT
applications. Peer-to-peer (P2P) connectivity, which allows devices to communicate directly with one
another, data processing capabilities ranging from simple sensor inputs to sophisticated calculations
using real-time operating systems (RTOS) or non-0S software development kits (SDK), networking
capabilities for establishing connections with Wi-Fi routers, and the capacity to operate as a web
server, providing access to HTML or other development language-based pages, are among its primary
features. Because of this, the ESP32 is appropriate for a wide range of loT applications that need web
server, data processing, and connection features.

Fig. 6. Microcontroller ESP 32 (espressif.com)
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2.3.2 Arduino IDE Application

The Arduino Integrated Development Environment (IDE) is a powerful tool that provides an easy-
to-use platform for coding, compiling, and uploading programs to Arduino-compatible
microcontroller boards. It supports a variety of libraries and hardware, making it versatile for a range
of projects. In your case, you are utilizing the Arduino IDE to interface with various sensors to monitor
parameters like soil moisture, slope angle, water level, humidity, and temperature.

2.3.3 Blynk Platform

Blynk is a comprehensive software suite facilitating the development, deployment, and remote
management of connected electronic devices, suitable for both personal loT projects and large-scale
commercial products. It empowers users to connect hardware to the cloud, create mobile
applications, analyze real-time and historical data, and remotely control devices. There are several
packages that come with Blynk application such as Blynk Console, Blynk Apps., Blynk Edgent and
Blynk Cloud.

2.3.4 Sensors

a) Soil Moisture Sensor

The relationship between soil moisture and slope stability can be an important aspect in landslide
monitoring systems, contributing to the overall resilience of sensitive locations. A soil moisture
sensor is an important tool for detecting and monitoring soil moisture levels (Figure 7a). These
sensors can detect variations in soil moisture content, particularly in landslide-prone locations, and
can offer timely alerts as well as important information for landslide prediction and mitigation.

b) Raindrop Sensor

A raindrop sensor is a specialized device that detects and measures rainfall intensity (Figure 7b). It
has conductive traces that respond to raindrops, transforming the conductivity change into a signal.
Furthermore, raindrop sensors are useful for tracking landslides since they can measure the intensity
of rainfall and correlate it with soil moisture content. This ability aids in determining the likelihood of
landslides brought on by prolonged periods of precipitation.

c) Temperature and Humidity Sensor
Temperature and humidity sensors are critical for landslide monitoring, particularly when combined
with other sensors (Figure 7c). These sensors measure two critical parameters: temperature and
humidity, providing significant information about soil conditions. Temperature sensors assist in
monitoring the soil's ambient temperature, contributing to a better understanding of the thermal
dynamics that influence slope stability.

d) Water Level Sensor

Water level sensors can be used as part of a comprehensive landslide monitoring system to detect
soil saturation levels (Figure 7d). Elevated soil water levels due to heavy rains may exacerbate
landslides. A more precise evaluation of the risk of landslides can be made by combining data from
water level sensors with information from other environmental factors, such as soil moisture levels
and data from raindrop sensors.
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(c) (d)
Fig. 7. Sensors used in this study a) soil moisture sensor, b) raindrop sensor, c) temperature and
humidity sensor, and d) water level sensor

This study integrates Blynk, an IoT platform for remote monitoring and control of devices via
the internet. The Blynk template ID, template name, and authentication token connects the ESP32
microcontroller to the Blynk server. Wi-Fi credentials are provided for network connectivity. Two soil
moisture sensors connected to analog pins 35 and 34 measure soil water content. A DHT22 sensor
on digital pin 33 measures humidity and temperature. A Blynk timer periodically reads these sensors
and sends the data to the Blynk server. The “sendSensor” function reads values from the soil moisture
sensors, converts them to percentages, and reads the DHT22 sensor for temperature and humidity.
These readings are sent to the Blynk server using “BlynkvirtualWrite” and printed to the serial
monitor for local monitoring. The setup function initializes serial communication, connects to Blynk,
starts the DHT22 sensor, and sets the timer interval for data transmission. The loop function ensures
continuous operation of Blynk and the timer. This system provides real time slope monitoring system.
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Fig. 8. Example of Arduino code integrated with ESP32
2.4 Soil Slope Model Setup

This study expected to reflect the conditions of soil slope after different rainfall intensities under
certain durations. The small prototype model was made as in Figure 3.14 to simulate and observe
the effects on slope stability after it being subjected to rain. The soil moisture sensors were put in 2
places to gain data insight and investigate the difference between uphill and downhill on a slope.
Figure 3.15 is the dimension and sensors placement on the slope model.

(b)
Fig. 8. The soil slope a) lab scale physical model and b) Model Design
using Tinkercad
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3. Results

3.1 Soil Geotechnical Properties

This section discusses the results obtained from the soil geotechnical properties experiments as
tabulated in Table 1. Each of properties for the sample studied are discussed in the next sub section.

Table 1

The soil physical properties value

Soil Parameters Unit Values
Grain Size Distribution

Gravel % 0.2

Sand % 77.1

Fines (Silt; Clay) % 22.7
Specific Gravity - 2.79
Plastic Limit, PL % 34.03
Liquid Limit, LL % 44.74
Plasticity Index, PI % 10.71
Linear Shrinkage, LS % 2.1
Initial Moisture Content % 17.46
Compaction

Opt. Moisture Content % 14.3

Max. Dry Density kg/m3 1638
Soil Strength

Cohesion, c kPa 12.2
Internal Friction Angle, ¢ ° 21.1
Permeability, k m/s 4.47 x 107

3.1.1 Soil Physical Properties

Soil physical properties for the studied sample covered for particle size distribution, specific
gravity and Atterberg limits with linear shrinkage determination. The results are summarized in Table
1. From particle size distribution curve as shown in Figure 9a, it was indicated the composition of
studied soil primarily consist of sand and fines which are 77.1% and 22.7% with a negligible amount
of gravel which is 0.2%. The specific gravity of sample is 2.79 showing the value in the range of silty
sand and inorganic soil and the Atterberg limits values which are Liquid Limit and Plastic Limit, 44.74%
and 34.03%, respectively. This finding led to the plasticity index value equals to 10.71%. Referring to
the plasticity chart (Figure 9b) and Unified Soil Classification System (USCS), the soil type is
categorized as ML — low silt and silty sand (SM), sand silt mixtures.
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Fig. 9. a) Particle size distribution curve of studied soil sample, and b)
Plasticity Index chart

3.1.2 Compaction Parameters

Soil compaction testing is critical as it determines the soil's maximum dry density and optimum
moisture content. The maximum dry density indicates the highest density that soil can achieve under
standard compaction efforts, while the optimum moisture content is the water content at which the
soil reaches this maximum density. Proper soil compaction enhances the soil’s load-bearing capacity
and reduces settlement issues, crucial for the stability and longevity of engineering structures [18].
The lab results indicated a peak dry density of approximately 1638 kg/m? at an optimum moisture
content of around 14.3% (Figure 10).
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3.1.3 Soil Mechanical Properties

The direct shear box test determines the shear strength parameters of soil, such as cohesion and
internal friction angle, crucial for analyzing and designing foundations, slopes, and other soil-
structure interactions. From the curve of shear stress versus normal stress (Figure 11), the internal
friction angle, ¢ was around 21.2 degrees, and the cohesion, ¢, was approximately 12.2 kPa under
saturated conditions.
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Fig. 11. Shear stress versus normal stress curves of studied soil sample

3.2 Analysis on Sensors Output of Soil Slope Model

The analysis of soil moisture readings and water runoff data provides significant insights into the
behavior of soil under varying conditions of water application. Figures 12 and 13 illustrate these
parameters, respectively, offering a detailed view of how soil moisture and water runoff change with
different volumes of water and durations.
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In Figure 12, the soil moisture readings for two locations, top of berm (Soil Moisture 1) and
bottom of berm (Soil Moisture 2), are shown under various water application volumes (1000 ml, 3000
ml, and 5000 ml) and durations (20, 40, and 60 seconds). The data indicates that soil moisture
percentages increased with the increments of the volume of water applied and the duration of
application. For instance, after 20 seconds of water application, soil moisture is relatively low but
shows a consistent increase as more water is added. At 60 seconds, the soil moisture readings are
significantly higher, especially at the 5000 ml application, demonstrating a notable increase in soil
moisture content reading. This trend is observed for both locations, although the location at bottom
of berm consistently shows slightly higher moisture levels due to gravitational water flow.

60

50

40
2

1000 ml 3000 ml 5000 ml 1000 ml 3000 ml 5000 ml 1000 ml 3000 ml 5000 ml

Soil Moisture (%)
o o

(e

(e

20 seconds 40 seconds 60 seconds
m Soil Moisture 1 (%) Soil Moisture 2 (%)

Fig. 12. Sensor’s data reading on Soil Moisture 1 (Top of Berm) and Soil Moisture 2 (Bottom of
Berm)

In terms of classification, the soil moisture remains relatively stable at lower volumes (1000 ml)
and shorter durations (20 seconds). However, as the volume and duration of water application
increase, there is a consistent rise in soil moisture levels, reaching high levels at the highest volume
(5000 ml) and longest duration (60 seconds). Figure 13 illustrates the water runoff and infiltration for
the same conditions. The data shows that water runoff increases with the volume of water applied,
with a significant portion of the water infiltrating the soil at higher volumes and longer durations. For
instance, at 5000 ml of water application for 60 seconds, the runoff volume is substantial, but there
is also a considerable amount of water that infiltrates the soil. This indicates that while a large volume
of water leads to increased runoff, it also promotes deeper soil infiltration, which is crucial for
understanding water retention and soil saturation.

The classification of water runoff and infiltration shows that at lower volumes (1000 ml) and
shorter durations (20 seconds), the infiltration is low, with most water contributing to runoff. With
moderate volumes (3000 ml) and longer durations (40 seconds), there is a balanced distribution
between runoff and infiltration. At the highest volume (5000 ml) and longest duration (60 seconds),
runoff is high, but infiltration is also significant, indicating a high soil absorption capacity under
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prolonged water application. These findings highlight the importance of monitoring soil moisture and
water runoff, especially in regions prone to rainfall-induced landslides.

6000
5000
4000

3000

2000
1000 I I I
i i N

1000 ml 3000 ml 5000 ml 1000 ml 3000 ml 5000 ml 1000 ml 3000 ml 5000 ml

Volume of water (ml)

()

20 seconds 40 seconds 60 seconds

m Water Runoff (ml) Water Infiltration (ml)
Fig. 13. Volume of water runoff and water infiltration of studied soil slope —lab scale
Table 2

Impact of variation precipitation on slope angle
Slope Gradient (°)

Yn::;Jme Before Raining After Raining
Simulation Simulation

Rain Duration = 20 seconds

1000 45.0° 45.0°

3000 45.0° 45.0°

5000 45.0° 44.9°
Rain Duration = 40 seconds

1000 45.0° 45.0°

3000 45.0° 44 .9°

5000 45.0° 44.7°
Rain Duration = 60 seconds

1000 45.0° 44.8°

3000 45.0° 44.8°

5000 45.0° 44 .5°

As shown in Table 2, at a lower volume of 1000 ml, the slope angle remains relatively stable
across all durations (20, 40, and 60 seconds). Specifically, at 20 seconds, the slope angle is unchanged
at 45.0° before and after the simulation. This stability is maintained at 40 and 60 seconds, with only
a minimal change to 44.8° after 60 seconds. These observations suggest that at lower water volumes,
the soil structure retains its integrity, and the impact of water application on the slope angle is
negligible. This stability indicates that most of the water likely contributes to surface runoff rather
than infiltrating the soil, maintaining the soil’s initial angle and moisture content.

Therefore, the slope angle, surface runoff volume, and soil moisture before and after rainfall
simulation offers valuable insights into the behavior of soil moisture and water infiltration under
different conditions. The stability at lower volumes contrasts with the increased infiltration and
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decreased soil stability at higher volumes, highlighting the need for careful monitoring and
management of soil moisture in regions susceptible to heavy rainfall and landslides.

Continuous monitoring using loT platforms like Blynk as shown in Figure 14 can provide real-time
data, enabling early warning systems to mitigate risks associated with soil saturation and landslides.
This real-time approach is crucial for effectives risk management in areas with heavy rainfall and
steep terrains.

FYPPROJECT2324 « onine

D

emperature jumidity AIN DETEC

Fig. 14. Real time monitoring on sensors using Blynk

The monitoring system recorded sensor responses under simulated rainfall conditions. Moisture
sensor readings remained below the optimum moisture content (OMC) of 15% during light rainwater,
indicating stable conditions. As water input increased, the readings surpassed 17%, equivalent to the
natural field moisture content, triggering an alert in the Blynk application. This indicates that
moisture content beyond the OMC significantly affects slope stability, confirming the soil’s sensitivity
to water infiltration. The consistency between the sensor thresholds and laboratory test values
demonstrates that integrating soil geotechnical properties with real-time loT monitoring provides a
reliable basis for early warning. The combination of both sensors working together allows the system
to cross check multiple danger signs. For instance, high moisture content alone may not cause a
warning if the slope remains stable. But when moisture rises and increases values in humidity are
also detected, the system becomes more certain that a landslide is likely to occur. The Blynk app
displays these sensor values live, allowing users to monitor the slope remotely and receive automatic
notifications if danger levels are reached.

Table 3 compiles the sensor response and system actions under different rainfall conditions, the
experiment simulated different rainfall conditions (dry, light, moderate, heavy, and extreme) to
observe the response of temperature, soil moisture, and humidity using the Arduino-based
monitoring system. Each condition was maintained and observed for 60 seconds to monitor how the
soil model reacted within a short but consistent time frame.
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Table 3
Recommended sensor thresholds based on laboratory data
Rainfall Temperature S.O” Hun:idity System 'Status/
Condition °0) Moisture (%) Action
(%)
8-12 50-60 Normal
Dry 30-34 readings — No
Alert
13-15 60-70 Moisture
Light 28-30 (near OMC warni'ng
rainfall value) (Monitor slope
condition)
Moderate 16-18 70-80 High moisture
. 26-28 (field MC) detected (Alert
rainfall .
via Blynk App.)
>18 80-95 Critical alert
He.:avy 2426 (High risk of
rainfall slope
movement)
Extreme/ >20 >95 Landslide likely
continuous 22-24 (Combined alert
rain triggered)

Under dry conditions, the temperature ranged between 30-34°C, with soil moisture remaining
low (8—12%), and minimal tilt movement (0—1 mm). Humidity was also low, between 50—-60%. These
readings indicated a stable slope, and no alert sign was triggered, confirming safe conditions. During
light rainfall, temperature slightly dropped to 28-30°C, and soil moisture approached the optimum
moisture content (13—-15%) and humidity rose to 60 - 70%. Although the slope remained stable, the
system issued a moisture warning via the Blynk app to indicate early water infiltration. Under
moderate rainfall, temperature decreased further (26—28°C), and soil moisture increased to around
17.5%, reaching the natural field moisture content and humidity increased to 70-80%. These values
suggested that the slope began to soften, and the system triggered an alert, highlighting increased
risk due to accumulated water. In the case of heavy rainfall, the temperature dropped to 24-26°C,
soil moisture exceeded 17.5%, and humidity ranged between 80-95%, showing high saturation
levels. The system responded with a high-risk warning, indicating potential slope failure based on
both sensor thresholds being exceeded. Under extreme or continuous rainfall, saturation occurred
(moisture >20%), temperature fell to 22-24°C, and humidity reached above 95%. These combined
conditions showed that the slope was critically unstable. The system triggered a combined alert,
warning that a landslide was highly likely to be occurred.

Overall, the system demonstrated the ability to detect early warning signs through real-time
sensor data. The 60-second observation period for each rainfall stage allowed the sensors to react
quickly and reflect actual slope behavior. This real-time monitoring approach is effective in
identifying slope instability and issuing timely alerts, especially in response to changing
environmental conditions. These results show that the Arduino-Blynk system, when calibrated using
real geotechnical data, can successfully provide early warnings related to rainfall-induced slope
failure. The system helps detect signs of slope instability earlier than visual observation alone. By
combining sensor technology with lab-based understanding of soil behavior, this monitoring system
adds a practical and efficient tool for reducing the risks of landslides, especially in areas with frequent
heavy rain.
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4. Conclusions

This study aimed to investigate the impact of rainfall on slope stability through the development
of an loT-based monitoring system, with the goal of enhancing community safety by providing timely
and accurate information on landslide risks.

The geotechnical properties of the studied soil can be concluded as sandy silt with significant sand
and fine content, determined from particle size distribution analysis and supported by the findings
from Atterberg limits and specific gravity. The optimum moisture content and maximum dry density
of compacted soils suggest that the soil's load-bearing capacity and compaction characteristics are
sensitive to its moisture content. Mechanical properties of soil, focusing on valuable insights of the
shear strength parameters and soil permeability emphasized the impact of soil composition,
moisture content, and sample preparation on soil performance.

Despite some limitations, including differences between controlled lab conditions and real-world
scenarios, as well as the qualitative nature of some sensor readings, the study successfully
demonstrated the potential of 10T technology in landslide monitoring. The integration of sensors for
soil moisture, humidity, and water penetration provided a comprehensive approach to slope analysis.

The investigation of soil moisture and water runoff under varying conditions of artificial rainwater
application further underscores the importance of understanding soil behavior in relation to water
infiltration and stability. Increased rainwater volumes and durations lead to higher soil moisture
levels and reduced slope angles, suggesting a greater risk of slope failure under heavy rainfall
conditions.

Overall, the findings of this study support the development of an loT-based landslide monitoring
system. By offering real-time data and early warnings, this system has the potential to significantly
reduce the risks associated with rainfall-induced landslides.
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