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Abstract

Accurate soil moisture measurement is critical for optimizing resource efficiency and decision-making in
geotechnical engineering, agriculture, and environmental sustainability. While capacitance-based sensors have
demonstrated high accuracy in sandy soils, their performance in clay soils remains problematic due to variations
in soil texture, salinity, and dielectric properties. This study investigates the limitations of a low-cost Internet of
Things (IoT)-based capacitive sensor in measuring clay soil moisture, comparing its readings against the
traditional oven-dry method. Initial results indicate significant deviations in water content prediction,
highlighting the challenges of capacitance-based sensing in high-clay-content soils. To improve accuracy, we
explore calibration adjustments and alternative modeling approach to account for clay specific interferences such
as ionic conductivity and bound water effects. The findings emphasize the need for soil specific calibration and
advanced data processing to enhance sensor reliability in diverse soil types. This research contributes to the
ongoing development of adaptive soil moisture monitoring systems, supporting precision agriculture and
environmental management in clay-dominated regions. Future work will focus on integrating multi-sensor data,
environmental variables (e.g., temperature, salinity), and advanced Al-driven calibration to improve prediction
accuracy for clay soils.

Keywords: Clay soil moisture, Capacitive sensor limitations, loT in agriculture, Soil-specific calibration,
Environmental monitoring.

1 Introduction

Accurate soil moisture measurement serves as a critical foundation for optimizing resource efficiency across
multiple disciplines including geotechnical engineering, precision agriculture, and environmental sustainability
(Robinson et al., 2023). This importance is particularly pronounced in clay-dominated regions where cohesive
soils create distinctive challenges for infrastructure stability, agricultural productivity, and sustainable water
resource management (Ojo et al.,, 2023). While traditional gravimetric methods provide high measurement
accuracy, their inability to deliver continuous monitoring has accelerated adoption of capacitance-based sensors,
which offer compelling advantages through cost efficiency, persistent operational capability, and seamless
integration with Internet of Things frameworks (Kargas & Soulis, 2021).

The performance characteristics of capacitance-based sensors reveal substantial variation between soil types.
These devices demonstrate robust reliability in coarse-grained sandy soils where dielectric properties maintain a
consistent linear relationship with moisture content (Topp et al., 1980). However, their effectiveness deteriorates
significantly when deployed in cohesive clay environments due to complex physicochemical interactions. Bound
water effects fundamentally alter dielectric responses as tightly held water molecules exhibit substantially
reduced permittivity compared to free water (Bittelli et al., 2020). Simultaneously, ionic conductivity from
dissolved salts creates electromagnetic field distortions that compromise measurement integrity (Visconti et al.,
2019), while inherent texture heterogeneity amplifies variability during characteristic shrink-swell cycles (Ojo et
al., 2023). The cumulative impact manifests as deviations exceeding 10% in high-clay-content soils when using
standard calibration approaches (Kojima et al., 2022), potentially leading to consequential errors in critical
applications.

Recent research into mitigation strategies has yielded promising but ultimately incomplete solutions.
Temperature compensation algorithms demonstrate effectiveness in reducing sensor drift yet fail to address
fundamental clay-specific dielectric interference (Saito et al., 2022). Novel materials such as molybdenum
disulfide (MoS:) show enhanced sensitivity in controlled environments but remain without comprehensive
validation under actual field conditions (Zhang et al., 2023). Meanwhile, machine learning approaches achieve
improved measurement accuracy but impose computational demands that hinder practical implementation on
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resource-constrained edge devices (Patil et al., 2024). Each innovation addresses isolated aspects of the challenge
without delivering a holistic solution suitable for heterogeneous clay terrains.

A persistent gap in current [oT implementations concerns the absence of concurrent soil-type identification
alongside moisture measurement. Existing frameworks neither incorporate mechanisms for real-time soil
classification nor enable adaptive calibration adjustments responsive to dynamic field conditions (Zhang et al.,
2024). This limitation severely constrains reliable monitoring in expansive clay landscapes where soil properties
exhibit significant spatial and temporal variations, rendering conventional static calibration approaches
fundamentally inadequate.

To address these interconnected challenges, our research advances clay-specific dielectric modeling through
polynomial regression techniques that directly account for bound water anomalies (Kojima et al., 2022). We
further integrate soil classification capability by leveraging multifrequency capacitive signatures within the same
hardware platform (Zhang et al., 2024), while implementing lightweight Al recalibration protocols optimized for
edge deployment that dynamically adjust to salinity and texture variations (Patil et al., 2024). Recent findings
further emphasize the critical role of adaptive dielectric modeling in achieving precision soil monitoring under
variable environmental and textural conditions (Sazzad et al., 2025). Collectively, this unified IoT architecture
establishes a new paradigm for resilient monitoring across diverse clay-dominated environments, from
agricultural vertisols to geotechnically sensitive expansive soil applications.

2 Methodology

To accurately detect and classify soil moisture, this study employs a systematic methodology to evaluate the
performance of capacitive soil moisture sensors. The approach includes key steps such as sensor selection and
calibration, soil sample preparation, controlled laboratory experiments, and the exploration of statistical models
to identify performance trends and limitations.

2.1 Sensor Identification and Data Recording Process

Capacitive soil moisture sensors are widely used in modern irrigation systems due to their reliability, precision,
and durability. Their electrodes are coated with corrosion-resistant materials, ensuring long-term performance in
diverse soil and field conditions. Compared to resistive sensors, they offer higher accuracy and stable operation
under varying temperature and salinity levels, making them suitable for continuous irrigation management.
Capacitive sensing relies on electromagnetic coupling to measure the soil’s dielectric permittivity, which is
strongly influenced by water content since the relative permittivity of water (er ~ 80) is significantly higher than
that of air (er = 1), organic matter (er = 4), or mineral soil (er = 2-9) [5]. Bogena et al. (2007) provide detailed
insights into the electronic configurations of such sensors.
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Figure 1: Circuit diagram of the capacitive soil moisture sensor (v1.2) with signal conditioning (P1). The output
voltage correlates with soil moisture and is optimized for microcontroller processing.

The capacitance sensor used in this study (Figure 1) integrates a voltage regulator for stable operation across

3.3-5.5 VDC, offering an output voltage of 0-3.0 VDC via a PH2.54-3P interface. With low power consumption

(<5 mA), the sensor outputs approximately 1.5 V in wet soil and 3.0 V in dry soil when powered at 5V.
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Capacitive sensors generate analog voltage signals that are converted into digital data using the built-in ADC of a
microcontroller. An ESP32 microcontroller is employed in this work, featuring a 12-bit ADC capable of
mapping the sensor’s 0—4.2 V output into 4096 discrete digital values for accurate representation. The system,
powered by a 3.7 V 18650 lithium-ion battery managed by a Battery Management System (BMS), processes
sensor data and transmits it via Wi-Fi to the Blynk server for real-time monitoring through the Blynk mobile
application (Figure 2) .

ESP32 Microcontroller BMS

Blynk Server

Capacitance Sensor

Figure 2: IoT soil monitoring circuit integrating ESP32, capacitive sensor, and Blynk server for real-time data.

2.2 Soil Properties

The fine-grained soil investigated in this study is classified as CL, representing low-plasticity clay under the
Unified Soil Classification System (USCS). The particle size distribution, determined through combined sieve
and hydrometer analyses, shows a predominance of clay-sized particles (64.61%), with significant silt content
(28.89%) and a minor fraction of sand (6.50%). Geotechnical testing revealed a bulk density of 1.64 g/cm® and a
specific gravity of 2.80, indicating a moderately compact soil structure. The Atterberg limits, with a liquid limit
(LL) of 48.24%, plastic limit (PL) of 28.41%, and shrinkage limit (SL) of 19.58%, reflect its cohesive nature,
moderate plasticity, and water retention capacity. These properties collectively describe a fine-grained soil with
moderate compressibility and typical behavior for low-plasticity clays, making it a representative material for
studies involving sensor calibration and moisture retention analysis.

110
100 000 o—9q,
90
80
70
60
50
40
30 et

20

% Finner, P

100 10 1 0.1 0.01 0.001 0.0001
Diameter.D(mm)

—®— Sieve Analysis —@— Hydrometer Analysis

Figure 3: Sieve Analysis and hydrometer analysis based on the percentage passing versus particle diameter is
depicted by the grain size distribution curves for low-plasticity clay.
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2.3 Test Configurations and Methods

Laboratory-prepared specimens with a controlled range of water contents were utilized to evaluate the
performance of moisture sensors in low-plasticity clay soils. Field samples were collected using an auger or soil
corer at predetermined depths and locations to ensure accurate representation of in-situ conditions. The physical
and geotechnical properties of the selected soils, including their classification, fines content, and grain size
distribution parameters, are summarized in Table 1.

Table 1. Physical Properties of Selected Soil

Materials fl(a)llslsiﬁcation };mes % gléilksity of Specific Isserbergl)lzmts S0
0 . .

tested system USCS | clay | % Sit| 5 | Soil @ee) | O™ | o) | on) | (0)

:(‘)’illesgmmed CL-Clay 64.61 |28.89 | 650 | 1.64 2.80 4824 | 2841 | 19.58

Key terms: LL = Liquid Limit; PL = Plastic Limit; SL= Shrinkage Limit.

Soil samples are prepared on clean, dry aluminum or ceramic plates to prevent contamination. The initial wet
mass (accounting for both soil solids and pore water) is recorded using a precision balance. Samples undergo
oven-drying at 105°C £ 2°C until constant mass is achieved (typically 24—48 hours). Crucibles are subsequently

cooled in a desiccator to minimize atmospheric moisture absorption prior to final dry mass measurement.
Wet Weight — Dry Weight

Moisture Content (%) = Dry Weight x 100

Concurrently, capacitance-based sensor readings are acquired for each sample using the IoT device (Figure 4).
Raw sensor outputs are correlated with reference moisture values via a calibration curve, where: x-axis:
Capacitance measurements (raw sensor output),y-axis: Gravimetrically determined moisture content. A
logarithmic regression model provides the best-fit calibration equation, enabling conversion of subsequent sensor
readings into moisture content values.

The soil moisture content is determined by measuring the sensor readings (Figure 4) of the samples and applying
the calibration equation. To ensure the accuracy and reliability of the moisture readings, they are compared with
reference measurements.

Figure 4: (a) Assembled capacitive soil moisture sensor; (b) Internal components: ESP32 microcontroller, Li-ion
battery, and data acquisition/transmission circuitry; (c) Real-time soil moisture monitoring on the Blynk app
displaying raw sensor values.

3 Test Results and Analysis

A regression analysis was performed to examine the relationship between the capacitance sensor output (digital
units) and gravimetrically determined soil moisture (%) for Soil 1. Two models—a simple linear regression and a
logarithmic regression—were fitted in Microsoft Excel (Figure 7). The logarithmic equation y = -23.2 In(x) +
182.57 (R? = 0.7323) outperforms the linear equation y = -0.0162x + 38.449 (R? = 0.7004) indicate that the
logarithmic relationship provides a modestly better fit to the experimental data (Figure 7).

Despite this improvement, both models exhibit only moderate predictive power, particularly in the higher-
moisture range. The capacitance sensor’s performance in clay soil is notably limited: clay’s low permeability
yields minimal changes in sensor reading as water content varies, producing a compressed output range.
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Moreover, the high mineral and ionic content in clay introduces ionic conductivity and bound-water effects that
further distort the capacitive measurement. Consequently, the sensor output remains nearly constant over wide
moisture intervals, reducing the accuracy of both linear and logarithmic prediction algorithms.

To address these limitations, future work should explore sensor calibration protocols tailored to high-clay
substrates, compensate for ionic interference, or consider alternative sensing modalities (e.g., time-domain
reflectometry) better suited to low-permeability soils.
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Figure 5. Format screen for equation editor.
4 Conclusion

This study assessed the performance of an loT-enabled, low-cost capacitive soil moisture sensor in soils with
high clay content by comparing its measurements to gravimetrically derived moisture values. Regression analysis
indicated that a logarithmic model offered a marginally superior fit compared to a linear model, though both
exhibited only moderate predictive accuracy, especially at elevated moisture levels. The sensor's constrained
sensitivity in clay-rich soils is likely due to factors such as low permeability, elevated ionic concentrations, and
bound-water interactions, which reduce output variability and introduce measurement inaccuracies. These results
highlight the need for soil-specific calibration procedures and compensation mechanisms to mitigate ionic and
dielectric interference effects. Future investigations should integrate multi-sensor data fusion, real-time
environmental parameter tracking, and Al-enhanced calibration techniques to improve measurement precision
and reliability across varying soil compositions. Such developments will be critical for advancing resilient,
adaptive soil moisture monitoring systems to support precision agriculture and sustainable land management in
clay-dominated environments.
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