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Real-time aggregation forces
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The study investigates the effectiveness of Fiber Bragg Grating (FBG) sensors in measuring real-time
aggregation forces across soils with varying particle sizes. Traditional measurement techniques are
invasive, static, and lack real-time capability, making FBG sensors a promising technology for real-time
monitoring. A laboratory experiments was conducted using FBG sensors embedded within soil samples
of different particle sizes (0.125 mm, 0.425 mm, 0.85 mm, 1.18 mm, and 2 mm) with aggregation
forces measured under controlled conditions simulating various water content levels. Data were
collected continuously over a specified period to assess the dynamic response of the soils. The results
showed a strong correlation between soil particle size and aggregation force, with larger particles
exhibiting higher compaction-derived aggregation forces due to enhanced mechanical interlocking and
reduced void space under load, while finer particles showing greater cohesion from higher surface area-
to-volume ratios. This distinction arises because coarse particles (2.0 mm) transmit forces primarily
through gravitational settling and frictional resistance, whereas fine particles (0.125 mm) rely on
cohesive surface interactions. Wavelength shifts recorded by FBG sensors confirmed their reliability in
detecting force changes, with finer soils yielding more pronounced sensor responses. These findings
have significant implications for soil health assessment, agricultural management, and environmental
engineering, particularly in optimizing tillage and soil stabilization strategies. The study demonstrates
the potential of FBG sensors for real-time soil monitoring and recommends further exploration of
sensor integration with field-scale applications and varying environmental conditions to enhance soil
management practices.

Keywords Aggregation forces, Soil particles sizes, FBG sensor, Soil stability, Real-time monitoring, Precision
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Soil aggregation is fundamental to soil health and functionality, as it influences properties such as porosity, water
retention, nutrient availability, and structural stability! . Aggregates, formed by the cohesive forces among soil
particles, play a key role in enhancing soil resilience against erosion and mechanical stress?. Different soil particle
sizes exhibit varying responses to applied stresses and loads. Therefore, monitoring soil pressure in different
soil particle sizes is crucial for accurate assessment of soil stability and behavior. However, understanding the
forces holding these aggregates together—referred to as aggregation forces—is complex, largely due to the
heterogeneity of soil and the diversity of its particle sizes**. These forces vary not only across different soil types
but also according to environmental conditions like moisture, temperature, and applied pressures, which can
influence both short-term and long-term soil stability®.
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Existing methods for measuring soil aggregation, strength and stability face significant limitations, particularly
in real-time and relation to specific soil particle sizes’. Traditional methods, such as unconfined compression
testing, penetration resistance measurement, and shear strength testing, are static and invasive, failing to capture
dynamic changes in aggregation forces over time or under varying environmental conditions®’. Penetrometers,
which measure soil resistance to penetration, offer valuable data on compaction and soil hardness but do not
capture the nuanced differences in cohesion between soil aggregates of varying particle sizes'®!!. Moreover,
traditional methods do not provide continuous data, making it difficult to monitor changes in aggregation forces
in response to dynamic factors like rainfall or mechanical loading from machinery'>!3. This lack of real-time
monitoring means that researchers and soil managers miss crucial temporal variations in aggregation forces,
which are often essential for understanding soil behavior under natural or managed conditions. Another
significant limitation of current methods is their inability to isolate and measure the specific influence of
particle size on aggregation forces'. Soil particle size distribution has a pronounced effect on the stability
of soil aggregates, with finer particles tending to form stronger, more cohesive bonds than coarse particles,
which affects overall soil structure!>!>16, While some techniques, such as the aggregate stability test, provide
indirect measurements of soil stability, they do not offer quantitative insights into how aggregation forces vary
specifically with different particle sizes. As a result, there is a knowledge gap in understanding the direct impact
of particle size on soil cohesion, which hinders the development of targeted soil management strategies based on
soil composition'”. Hence, the need for using advanced and highly sensitive sensor such as Fiber Bragg Grating,
which will be more reliable, accurate and real time monitoring.

Fiber Bragg Grating (FBG) sensors offer a novel method to monitor soil aggregation forces in real-time
across various particle sizes'®. FBG technology provides high precision and sensitivity in measuring forces and
strains, making it ideal for capturing real-time changes in aggregation forces within soils of varying particle
sizes'*~21. FBG sensors work by detecting wavelength shifts in light passing through optical fibers, allowing
for minimal interference with soil structure and environmental conditions!>22. Unlike traditional methods,
FBG sensors provide continuous, non-destructive data, enabling a real-time monitoring approach that can
reveal dynamic changes in aggregation forces under field conditions?. This makes FBG sensors valuable for
observing forces variation across soil samples with different particle sizes, providing real-time data necessary for
assessing soil health and stability in field settings. FBG sensors can also be embedded in the soil to monitor force
changes over long periods, providing insights into the dynamic behavior of soil aggregation under natural and
agricultural pressures?>?3. This study overcomes three fundamental limitations of traditional soil measurement
methods—their static, invasive, and particle-insensitive nature—by developing an FBG-based platform for
real-time aggregation force monitoring across five soil textures (0.125-2.0 mm). As detailed in Table 1, our
approach advances beyond prior FBG studies by: (1) resolving particle-size dependencies through multi-depth
sensing, (2) compensating for moisture effects (validated at 18.5% w/w), and (3) correlating forces with SEM-
verified microstructures. These innovations establish FBG technology as a field-ready tool for in situ soil health
assessment, enabling data-driven management of compaction, tillage, and erosion control. The resulting dataset
provides the first comprehensive analysis of texture-dependent aggregation forces, bridging the gap between
laboratory precision and agricultural practice.

This paper begins with a literature review covering the role and relationship between soil particle size and
aggregation, the limitations of current measurement methods, and the advantages of FBG sensors in real-
time force monitoring. The experimental methods section outline the setup and calibration of FBG sensors
for aggregation force measurement, while the results, discussion and conclusion sections will analyze findings,
trends observed in real-time force data across different soil particle sizes and their implications for soil stability,
health, and management. This study aims to provide a foundational understanding of aggregation forces in varied
particle sizes, laying the groundwork for future research and practical applications in soil health monitoring,
management and environmental engineering.

Materials and methods

Materials

The materials used in this study include FBG sensors, various soil types with differing particle sizes (0.125 mm,
0.425mm, 0.85mm, 1.125 mm, and 2.0 mm), a soil column apparatus, and measurement equipment (demodulator
and computer system). The soil samples used in this study were collected from the experimental farm of Henan
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Table 1. Comparative advantages of this study over previous FBG soil research.
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Specific Optimum
gravity | Moisture content | Plasticity Maximum dry | moisture content
Particle size USCS (ASTM | (%) (ASTM index (ASTM density (g/cm®) | (%) (ASTM
(mm) USDA texture class | classification | D854) | D2216) D4318) (ASTM D698) | D698) Test method
0.125 ML 2.65 8.2 15 1.48 17.2 Sieve + Hydrometer
0.425 Very Fine Sand SP-SM 2.66 5.8 NP 1.52 14.8 Sieve Analysis
0.85 Fine Sand Ny 2.67 4.3 NP 1.55 13.5 Sieve Analysis
1.125 Medium Sand SP 2.67 39 NP 1.57 12.9 Sieve Analysis
2.0 Coarse Sand Ny 2.68 3.5 NP 1.60 12.4 Sieve Analysis

Table 2. Classification and physical properties of tested soil particle Sizes. Key: NP = Non-plastic, ML = Silt with
low plasticity, SP=Poorly graded sand, SP-SM = Poorly graded sand with silt.
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Scanning
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Fig. 1. Morphological FBG sensor image presentation (a) cross-sectional view (b) pattern of longitudinal
grating part (c) transverse scanning.

Agricultural University, located in Jinshui District, Zhengzhou City, Henan Province, China. The soils were
classified according to the Unified Soil Classification System (USCS) (ASTM D2487) and USDA Soil Texture
Classification. The particle sizes selected (0.125 mm, 0.425 mm, 0.85 mm, 1.18 mm, and 2.0 mm) represent key
fractions of sand (coarse, medium, fine) and silt (per ASTM D422-63 for particle size analysis). Index properties
were tested were determined following ASTM standards: D854 for specific gravity, D2216 for moisture content,
and D4318 for Atterberg limits. The grain size distribution was determined via sieve analysis (ASTM D6913
for particles > 75 pm) and hydrometer analysis (ASTM D7928 for particles < 75 pm) as summarized in Table
2. The FBG sensors were chosen for their high sensitivity to strain and temperature changes, which are critical
for detecting aggregate forces in soil®>. The soil types selected for the experiment included fine sand, coarse
sand, silt, and clay, each representing different particle size distributions. A temperature controlled chamber was
maintained during the testing phase to control the environment. The fiber cross-section was scanned using a
focused ion beam etching system (FEI, Quanta 3D-FEG) to modify it (Fig. 1a). The modified region was etched
in the y direction using a FIB (Focused Ion Beam), confirming an FBG pitch of 0.535 pm, half of the phase-mask
pitch (1.07 um) (Fig. 1b). The fiber cross-section showed a modification static exposure of approximately 20 pm,
with a curvature along the scanning axis that follows the curvature of the fiber entrance face due to refraction
(Fig. 1c). The FBG design length can be accurately changed by scanning the narrow reshaped beam 500 pm
along the y direction at a constant speed using a linear air bearing stage?. The fiber cross-section was then
post-processed using a FIB, confirming the FBG pitch of 0.535 um, which is half the phase-mask pitch (Fig. 1b).

Soil column design

The soil column was designed to facilitate the application of controlled loads while allowing for the accurate
measurement of force transmission through the soil matrix. The column designed was made with open window
in the front to allow the easy removal of the tested soil after the readings which will also prevent the inserted
FBG sensor from damage (Fig. 2). The column was then placed on the constructed profile holder which entails
the guide rail/slider, FBG sensor holder, column placement part, sample pad holder and the lifting screw which
enable the adjustment of the FBG sensor after inserted in the soil sample (Fig. 3). The total height of the designed
experimental set-up is 80 cm with 30 cm width. In addition, a drainable perforated base was built which allows
for the preservation of the soil during the loading test.
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Fig. 3. Schematic diagrams for the design and construction of the experimental setup.

Preparation of soil sample
Soil sample preparation
Prior to experimentation, each type of soil sample was prepared by drying it in an oven at 105 °C for 24 h
to remove moisture content. This ensures the soil structure was equilibrated and ready for accurate force
assessments. After drying, soils were sieved through standardized mesh screens (0.125 mm, 0.425 mm, 0.85 mm,
1.125 mm, and 2.0 mm) to achieve desired particle size distributions accurately. These sizes were chosen to
represent a range from fine to coarse particles, allowing for a comparative analysis of aggregation forces across
varying textures. Specific gravity and moisture content were measured before the experiments. Grain size
distribution curves for the tested soils are presented in Fig. 4. These curves validate the USCS and USDA texture
classifications provided in Table 2 and illustrate the distinct separation between particle-size fractions, which is
essential for isolating particle-size effects in aggregation force measurements. The data confirm the USCS and
USDA texture classifications in Table 2, showing clear separation between size categories and validating the
targeted soil fractions used for controlled aggregation force testing.

The compaction behavior of each particle-size fraction is presented in Fig. 5. Each curve follows the
characteristic parabolic form observed in Standard Proctor tests, with maximum dry density (MDD) values
occurring at the respective optimum moisture content (OMC) which shows that finer fractions require higher
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Fig. 4. Grain size distribution curves for the five particle-size fractions tested (0.125 mm, 0.425 mm, 0.85 mm,

1.18 mm, and 2.0 mm), plotted as cumulative percent passing versus particle diameter on a semi-logarithmic

scale. The curves are based on ASTM D6913 (sieve analysis) for particles >75 pm and ASTM D7928
(hydrometer analysis) for particles <75 um, adjusted to reflect the narrowly graded particle fractions used in

the experiment.
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Fig. 5. Standard Proctor compaction curves for each soil particle-size fraction.

moisture content to reach their MDD due to increased surface area and water adsorption, while coarser fractions
achieve higher densities at lower OMC because of reduced water demand and more efficient particle interlocking.
The Standard Proctor compaction curves for the five soil fractions tested (0.125, 0.425, 0.85, 1.18, and
2.0 mm), showing the relationship between dry density and moisture content. The red points indicate the
maximum dry density (MDD) at the corresponding optimum moisture content (OMC) for each fraction, as
determined in accordance with ASTM D698. The finer fraction (0.125 mm) exhibits a higher OMC (17.2%) and
lower MDD (1.48 g-cm™?), whereas coarser fractions such as 2.0 mm have lower OMC (12.4%) and higher MDD

(1.60 g-cm™?), reflecting differences in particle packing and water demand.

Aggregate formation

Aggregates were formed for each particle size category by compacting the sieved soil in the experimental column
using a standardized protocol. The soil was compacted in three equal layers (total 350 g per column) using a
500 g weight dropped from 10 cm height five times per layer. This achieved a consistent bulk density of 1.45 +
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0.05 g/cm?, verified using the core method?’. No binding agents were used, ensuring particle size and moisture
interactions alone influenced aggregation forces. After compaction, 130 mL of water was uniformly applied
to simulate field moisture conditions. The 130 mL of water applied after compaction was calculated based
on the target degree of saturation derived from the soil’s measured porosity and bulk density, ensuring that
the applied water content corresponded to near-saturated conditions without excessive ponding. Preliminary
laboratory trials indicated that this volume was sufficient to uniformly wet the entire 20 cm x 10 cm column to
its maximum water-holding capacity. The saturation condition was confirmed by visual observation of water
appearing at the bottom of the column and by ensuring the volumetric water content approached the calculated
value for 100% saturation according to ASTM D698 guidelines. The chosen value of 130 mL also matches the
volume required to reach field capacity for similar soil textures in related studies'®. This compaction approach
was adapted from the ASTM D698-12¢2 Standard Test Methods for Laboratory Compaction Characteristics of
Soil Using Standard Effort, scaled proportionally to the reduced column dimensions and sample mass in order
to deliver an equivalent compaction energy per unit volume while minimizing particle breakage, particularly
in coarse fractions. The applied 500 g weight dropped from 10 cm height five times per layer was calculated
to approximate the standard compaction effort when normalized to the column volume, ensuring consistency
across all particle-size treatments.

Experimental setup and procedures

The experimental setup involved placing the FBG sensors at predetermined depths within the soil column to
measure strain induced by applied loads. Soil samples were placed in a cylindrical column with a height of 20 cm
and a diameter of 10 cm, providing a controlled environment for aggregation force measurement. Each column
setup contained a total of 700 g of soil, with 350 g placed below the FBG sensor and 350 g above (Fig. 6). To
simulate natural loading conditions, 130 mL of water (18.5% w/w moisture content) was applied per column. This
volume was determined through preliminary saturation tests to achieve optimal aggregation conditions without
saturation, corresponding to 60-70% water-holding capacity for the tested particle sizes (0.125-2.0 mm). Water
was applied uniformly via spray applicator at 5 mL/min, with post-application moisture content verified as
18.3+0.7% gravimetrically. Load increments were applied systematically up to a maximum load determined by
preliminary tests while monitoring real-time data from the FBG sensors using an optical interrogator connected
via fiber optic cables (Fig. 7). Two FBG sensors (OS1100, Micron Optics) were deployed at 5 cm and 10 cm
depths in the soil column to enable depth-resolved force measurements. This dual-sensor configuration provided
redundancy for data validation and compensated for potential soil heterogeneity. Experiments were conducted
at a controlled room temperature of 24 °C, with measures taken to ensure minimal fluctuations in temperature
and humidity during each test. Each soil sample was carefully leveled within the column to maintain uniform
density and minimize variations in aggregation force distribution. The FBG interrogator recorded strain data at
10 Hz, capturing wavelength shifts with + 5 pm resolution. This sampling rate was selected to resolve rapid force
variations during dynamic loading (water infiltration and mechanical compaction) while avoiding aliasing, per
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the Nyquist criterion for our observed <2 Hz dominant frequencies; maintain manageable data volumes (<1
GB/hour) for long-duration tests; and match the 8 ms response time of the FBG sensors (per manufacturer
specifications. The static tests used the same rate for consistency, with post-processing downsampling to 1 Hz
for quasi-static analysis. Data were time-synchronized with load application events using hardware triggers.

FBG sensors principle and calibration

Fibre bragg grating working principle

A FBG is the periodic permanent variation of the refractive index over a length of optical fiber?>?. This is

accomplished by exposing the optical fiber to an interference pattern of high-intensity ultraviolet light, which

increases the photosensitivity of the silica. When the optical fiber is illuminated with a broadband light source, a

narrow band of wavelengths is reflected as shown in Fig. 8. FBG works on a straightforward concept: measuring

the variation in the Bragg wavelength (1,) which is proportional to the effective refractive index (7 ;) and the
yariation 1n Vg of

periodicity (A)*. Bragg wavelength is defined as:
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AB = 2neprA (1)

This enables any change in fiber properties induced by a perturbation to change the refractive index, and grating
pitch (1) changing the resonance (Bragg) wavelength and a measure of this shift will result in the detection
and quantification of the physical perturbation. The fundamental relationships of structural sensing for an
FBG sensor is described in Eq. 22%%°. These equation follows the thermo-optic theory of Erdogan, with strain
sensitivity coefficients ( Se St) calibrated per manufacturer specifications.

d}\—B:SEAE-i—STAT )
AB

where Se=0.8x107%/pue and ST=7.0x107%/°C are the strain and temperature sensitivities, respectively, at
1550 nm wavelength, € and T are the respective change in strain and temperature changes in forces induce strain
(€), causing a shift in the Bragg wavelength (AA}), calculated as:

Where k is the calibration constant determined during the initial calibration phase. The appearance of
changes in the temperature of the AT and the deformation of the A¢ causes a change in the Bragg wavelength in
accordance with the dependence’!:

AXp = k.F 3)
_ Onesy oA Oness oA
A)\B—Q(/\ e + Negy al >A€+2< 9T + HEffaT AT (4)
Response of FBG to strain
Differentiating Eq. 1, we obtain:
d}\B = 2Adneff + Zl’leffdA (5)

Substitution of A and neyy from Eq. 1 gives:

dhg _ dherr | dA
}\B neff A

where dA/A is strain (¢). The neyy changes induced by strain (¢) can be given as:

dng, gy

2 [P12 - U(P11 +P12)]€ (7)
ey

Thus, we get:

dA

B
—=(1- P)e=S_c¢ ®)
A ¢ €
B

where Pe is an effective strain-optic constant, P, and P,, are the strain-optic tensor components and v is the
Poisson’s ratio. Equation (5) to (8) originates from the strain-optic theory of Butter & Hocker??, incorporating
the effective strain-optic constant ( P.) formulation®. The Poisson’s ratio (v) values align with ASTM D7012-
14el for compacted soils.

Response of FBG to temperature
Both the periodicity and effective refractive index of the FBG sensors change due to the temperature change by

which there is a wavelength shift. Differentiating Eq. 6 regarding temperature led to:

Nerr

dig=2 | A + an dT )
B = . Negr dT

Substitution of A and neﬁfrom Eq. 9 gives:

dAg 1 dn, ff 1 dAa
= +— — |dT (10)
)\B Nefr ar A dT
that is,
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dA
TB= ({ + a)dT = S,dT (11)
B

Where: is the thermo-optical tensor coefficient, and a is the thermal expansion coefficient!!.

Sensor setup and specifications

A two-point Fiber Bragg Grating (FBG) sensor was employed to monitor soil aggregation forces in real time. The
sensor points were positioned with a 5 cm interval to capture variations in force at two distinct depths within the
soil column. The FBG sensors used in this study were model SM125 devices manufactured by Micron Optics,
Inc. (Atlanta, GA, USA). These sensors were purchased through the company’s authorized Chinese distributor,
Beijing SinoFiberOptics Technology Co., Ltd., in April 2024. Each sensor features a 10 mm grating length with
Ormocer polymer coating suitable for soil embedding, operating within a spectral range of 1525-1565 nm and
temperature range of —20 °C to 80 °C. The sensor specifications and performance characteristics are documented
in the manufacturer’s technical manual. The selected FBG sensor as crucial for detecting polymerization in soil
because of its high sensitivity to strain and temperature changes®® which enhanced the mechanical strength.
During this research, the FC/APC connector type was used together with the interrogator unit, and it was noted
that this type of connector is considered the best for FBG sensing owing to its minimal return losses. The FBG
probe and packaged FBG sensor are illustrated in Fig. 9.

The FBG sensor was configured with an optical fiber sensitive to minute wavelength shifts (A);), enabling
precise detection of force changes as soil aggregates interacted with the sensor under varying loads. The FBG
sensors (OS1100, Micron Optics) provided a strain resolution of 1 pe and accuracy of £ 5 pe (0-10,000 pie range),
with temperature resolution of 0.1 °C and accuracy of + 0.5 °C (5-40 °C range)**. The wavelength resolution
was 1 pm, translating to a force resolution of 0.05 N after calibration per ASTM D8292-20. Static validation via
deadweight tests (0-200 N) confirmed R*=0.998 against ISO 376:2011 standards, while dynamic testing at 10 Hz
showed < 3% RMS error versus reference strain gauges. These specifications were maintained under 18.5% soil
moisture conditions (ASTM D2216), as documented in the manufacturer’s technical sheets and independently
verified by®.

Calibration procedure and placement in soil column

Calibration of the FBG sensor was conducted prior to embedding it in the soil to ensure accuracy in force
measurement. A series of known forces was applied to the sensor in a controlled setup, and the resulting
wavelength shifts were recorded. Temperature compensation techniques were applied to minimize environmental
interference, and calibration factors were determined for converting wavelength shifts into force values. The
calibration constant k (in nm/N) was determined from the linear relationship between force and wavelength
shift. The FBG sensor was embedded within the center of the soil column, positioned horizontally at a depth of
10 cm from the base. The two sensing points were located at 5 cm and 10 cm from the bottom of the column,
allowing for simultaneous measurement of forces at different soil layers.

Force measurement procedure and data analysis

Data acquisition and signal processing

The FBG sensor collected real-time data on force changes as the 130 ml of water was applied to each soil sample.
The sensor’s data acquisition rate was set at 100 Hz, capturing force responses at high resolution (wavelength
resolution: 1 pm). Data logging software was used to continuously monitor wavelength shifts (AA;), which were
later converted to force values based on calibration factors (k = 0.05 nm/N * 2%) established from the initial
setup. The applied force F was then derived using the sensor’s calibration constant k (Eq. 6) which implements
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the sensor calibration protocol per ISO 18674-2:2017 for geotechnical instrumentation. The temperature
compensation in Eq. (7) follows the dual-parameter algorithm?®®

_ AXp

F==

(12)

Sensor data were combined using vector summation (V(AM2 + AN,?)) to characterize bulk soil response. This
approach integrates force distributions across depths while improving signal-to-noise ratio through spatial
averaging. Collected data were processed to remove noise and environmental interference. Filtering techniques,
such as low-pass filtering, were applied to ensure that only relevant force measurements were analyzed!>3.
Any minor wavelength fluctuations unrelated to soil particle forces were disregarded, providing a clear profile
of aggregation force changes over time as moisture infiltrated the soil column. Temperature correction was
performed using:

AANp=k.F+ a . AT (13)

where is the temperature sensitivity of the FBG sensor, and AT represents temperature change. The compaction
force F for each particle size can be related to the applied pressure and the effective area of contact:

F=0. A (14)

Where o is the stress exerted on the soil column'$, A is the cross-sectional area of the soil column (in this setup,
A = 7 r? where r is the radius of the column, 5 cm or 0.05 m). Given that A = 0.00785m?, the force measured
by the FBG sensor is directly proportional to the applied stress. The force exerted by aggregates can be modeled
using the following equation derived from classical mechanics:

F=k.C Az (15)

where C is the area of contact between particles, A z is the displacement due to external loading®”. However, Eq.
16 indicates the theoretical models of soil mechanics where the stress is distributed:

o =— (16)

Where o is stress (Pa or N/m?®), F: Applied force (N) and A is Contact area (m?). Furthermore, the various soil
particle sizes in detecting aggregate force behavior can be explained through dynamic modeling approaches such
as the Mass-Spring-Damper system model®®, where each particle size can be represented as a distinct mass with
specific damping characteristics influenced by moisture levels and compaction states:

d®z dx
= 17
m t2+ct+kx F(t) 17)

where m represents mass (particle size), ¢ is damping coefficient (influenced by moisture), k is stiffness (related
to aggregate force), and F(t) is external force applied.

Data analysis

The wavelength shifts recorded by the FBG sensor were converted into force values, using the calibrated
relationship F' = A g/ k, where k is the sensor-specific calibration constant. To confirm that the observed
wavelength shifts primarily reflected interparticle aggregation forces rather than moisture-induced swelling
effects, we implemented a rigorous validation protocol. The temperature artifacts were eliminated using a
reference FBG sensor and the compensation Eq. (13) and later we conducted control experiments to quantify
swelling effects by applying water without mechanical loading; these tests confirmed that swell-induced
wavelength shifts contributed less than 12% to the total signal. Also, the force trends aligned with established
particle-contact models, demonstrating that finer particles (0.125 mm) generated significantly higher cohesive
forces (135 nm shift) due to their larger surface area-to-volume ratio, while coarser particles (2.0 mm) exhibited
compaction-dominated responses (95 nm shift) through mechanical interlocking. The aggregation forces for
each particle size (0.125 mm, 0.425 mm, 0.85 mm, 1.18 mm, and 2 mm) were analyzed using statistical methods
to determine significant differences in force profiles across particle sizes. The results were compared to identify
trends in how particle size influences soil cohesion and aggregation under moisture-induced loading. Graphs
and plots were generated to illustrate the force response curves for each particle size, showing the force trends
over time as water infiltrated the soil’. Comparative plots were created to visualize differences in aggregation
forces between soil samples with varied particle sizes, providing a clear visual summary of findings. This analysis
aimed at determining if certain particle sizes exhibited significantly different responses when subjected to similar
aggregate forces.

Microstructural analysis

Scanning Electron Microscopy (SEM) analysis was performed using a Hitachi SU3500 variable-pressure SEM
(Hitachi High-Tech, Japan) to characterize soil particle morphology. Samples were gold-coated (20 nm thickness)
using a Quorum Q150R sputter coater to enhance conductivity. Imaging was conducted at 15 kV accelerating
voltage, 500x-3000x magnification, and 10 mm working distance. SEM was selected over alternatives (TEM,
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optical microscopy) because its superior depth of field reveals 3D surface topography of irregular soil particles
and the 10 nm resolution adequately captures interparticle contacts and pore structures critical for aggregation
analysis. Also the variable-pressure mode accommodates unprocessed soil samples with minimal preparation
artifacts.

Cyclic loading tests

The study characterized soil hysteresis behavior through cyclic loading tests using an Instron 5569 testing
system. The hysteresis behavior is mathematically modeled using the Kelvin-Voigt model*’, which combines
elastic and viscous components:

dx
18
F{t)=kzx+c n (18)

where k is the elastic constant (N/m), ¢ is the damping coefficient (Ns/m), F(t) is total force at time ¢ (N), x is
the displacement (m) and ‘;—f is the rate of displacement or velocity (m/s). The protocol applied compressive
loads from 0 to 200 N in 50 N increments at 0.1 Hz frequency (10-second cycles), with five complete loading-
unloading cycles per sample. During testing, FBG sensors recorded strain data at 20 Hz while an LVDT (+
0.01 mm resolution) tracked displacement®”*!. The hysteresis behavior was quantified by calculating the energy

dissipation per cycle ( Epys) as the area enclosed within each stress-strain loop:
Ehys = % o de (19)

where o represents the applied stress (kPa) and e is the derived strain from FBG wavelength shifts. This
formulation follows ASTM D3999-21 standards for soil hysteresis characterization. These measurements provide
critical insights into soil energy absorption and recovery under repetitive loading, with direct applications in
agricultural machinery operations and tillage management!®42%3,

3. Results and Discussions.

Experimental findings on FBG sensor sensitivity

Sensor performance

The FBG sensor demonstrated high accuracy and sensitivity in detecting subtle changes in force across different
soil particle sizes, with a linear response to applied force observed for each particle size tested. The calibration
constant remained consistent across trials, confirming the sensor’s stability and reliability in detecting minute
changes in aggregation forces. The dual sensing points at 5 cm intervals within the soil column effectively
captured force variations at different soil depths, highlighting the sensor’s capability to provide spatially resolved
data within the setup (Fig. 10). The performance suggests that the FBG sensor is a viable tool for real-time soil
force monitoring in compaction studies. The smaller particles (0.125 mm) exhibit a steeper slope in the force-
wavelength relationship compared to larger particles (2.0 mm). This demonstrates that finer particles generate
stronger cohesive forces per unit load due to their greater surface area-to-volume ratio, while coarser particles
show reduced sensitivity because of their dominant compaction behavior through mechanical interlocking. The
results demonstrate the FBG sensor’s capability to detect minute force changes as influenced by soil particle size.
The linear wavelength shift response observed in all graphs confirms the sensor’s reliability in force measurement
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Fig. 10. (a) Calculated forces on soil particles sizes (b) FBG sensor wavelength shift on particle sizes.
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for soil studies. The slope variations in the combined plot accurately reflect how soil texture (particle size) directly
influences the force response during aggregation, providing valuable insights for soil management practices by
highlighting the mechanical behavior of different soil textures under load.

Relationship between soil aggregate forces and various soil particle sizes

The dynamic response of soil under varying particle sizes has been a focal point in understanding soil mechanics
and its implications for agricultural practices, construction, and environmental engineering. The study utilized
Fiber Bragg Grating (FBG) sensors to measure the aggregation forces exerted by different soil particle sizes:
0.125 mm, 0.425 mm, 0.85 mm, 1.18 mm, and 2.0 mm. Mathematical models were employed to analyze the
relationship between soil aggregate forces and particle sizes. The measured aggregation force for each soil
particle size can be expressed through the force balance that the soil exerts on the FBG sensor. The aggregation
force measurement results showed a higher A\ for larger particle sizes, indicating increased stress and localized
force as soil particle size increased.

The data presented in (Fig. 11) shows that smaller particles exhibit larger shifts for the same applied force
compared to coarser particles. The highest sensitivity is observed for finer particles (0.125 mm), which have a
wavelength shift of approximately 135 nm under 100 N of applied force demonstrating the highest sensitivity
which is attributed to the increased cohesive forces in finer particles due to their larger surface area-to-volume
ratio, which enhances particle-particle interactions. The lowest shift is observed for coarser particles (2.000 mm),
which have a wavelength shift of around 95 nm at 100 N. The reduced cohesion and dominance of gravitational
forces in larger particles result in lower aggregation forces, thereby generating smaller shifts. The linear
relationship between wavelength shifts and applied force indicates the FBG sensor’s reliability and sensitivity in
detecting soil compaction and aggregation forces in real-time. The findings highlight the importance of particle
size in soil behavior under mechanical stress, as finer particles retain water and nutrients better, leading to
stronger aggregation forces!>**.

Influence of soil particles size on aggregation force measurements
The wavelength shifts recorded by the FBG sensors were directly correlated with the applied loads. The results
exhibited a consistent relationship, with higher load increments resulting in proportionally larger wavelength
shifts across all particle sizes (Fig. 10). As particle size increases, it was observed that both the contact area A
and displacement A = change significantly, leading to variations in aggregate forces. Smaller particles (0.125-
0.425 mm) exhibited higher cohesion due to increased surface area relative to their volume, resulting in greater
aggregation forces compared to larger particles (1.18-2.0 mm), which showed reduced cohesion due to lower
surface area-to-volume ratios. The finest particles (0.125 mm) exhibited the largest wavelength shift, peaking
at approximately 2.5 nm, which highlights the significant interparticle cohesion and aggregation forces due to
the high surface area-to-volume ratio. Soil with a particle size of 0.425 mm showed a slightly lower peak shift
(~ 2.3 nm), still indicating strong cohesive forces. This supports findings by*4, which linked finer particles to
enhanced water retention and cohesion. The 0.85 mm soil particles demonstrated a peak wavelength shift of
around 2.2 nm, balancing cohesive and compactive forces. The moderate response aligns with research by*3,
suggesting optimal aggregation dynamics in medium-textured soils. Larger particles (1.18 mm and 2.00 mm)
exhibited smaller peak shifts of approximately 1.8 nm and 1.6 nm, respectively. The reduced shifts indicate
weaker interparticle cohesion, consistent with the lower surface area of coarse particles and the dominance
of compactive forces. This observation resonates with previous studies which reported decreased aggregation
forces in coarser-textured soils*.

Specifically, as particle size increased, the FBG sensor detected greater wavelength shifts per unit force,
confirming that the 1.18 mm soil (green line) exhibits greater fluctuation due to its transitional particle size,
where intermittent particle slippage occurs between cohesive and frictional regimes. Although the 2.00 mm trace
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Fig. 11. Correlation between Applied Force and Wavelength Shifts for Different Soil Particle Sizes.
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(purple) in Fig. 10 may appear visually jaggier at certain points, statistical analysis of all replicate tests showed
that the 1.18 mm fraction had a 23% higher standard deviation in wavelength shifts (p < 0.05). This difference
arises because the 1.18 mm particles, being at a transitional size between cohesive and frictional interaction
regimes, tend to rearrange more frequently during loading. These frequent, moderate-amplitude rearrangement
events occur throughout the test, which increases the overall variability captured by the FBG sensor. In contrast,
the 2.00 mm fraction produces fewer rearrangement events, but when they do occur, they generate sharp,
high-amplitude spikes. While these spikes make the trace look jaggier in a snapshot, they contribute less to the
overall standard deviation because they are less frequent. The statistical measure therefore reflects the sustained
variability of 1.18 mm samples rather than the occasional large spikes observed for 2.00 mm samples. The 0.125
mm soil (black line) shows reduced response because its high surface area promotes water film formation at
18.5% moisture, creating stress-redistributing liquid bridges that minimize localized force detection. These
findings align with soil mechanics principles, where larger aggregates tend to exert greater localized forces
when compressed, leading to increased compaction rates'®?2. The increased sensitivity observed with smaller
particles aligns with previous studies indicating that finer soils tend to exhibit greater mechanical interlocking
and frictional resistance when subjected to external forces?. These findings have critical implications for soil
health monitoring, especially in assessing compaction, stability, and water retention capacity. Such insights can
inform better management practices in agriculture and environmental conservation.

Microstructural analysis of soil particle morphology and its implications on aggregation
behavior

The Scanning Electron Microscopy (SEM) micrographs reveal the microstructural characteristics of soil
particles, ranging from fine (Fig. 12a, b) to coarse (Fig. 12¢, d, e) which have distinct morphological differences
that directly influence soil cohesion, compaction, and interaction under external forces. The microstructural
features of smaller particles (0.125 mm and 0.425 mm) exhibit smoother surfaces, more angular edges, and
compact arrangements (Fig. 12a, b) which increase interparticle contact points and surface area for cohesion.
Additionally, smaller pores enable stronger capillary forces, enhancing water retention and binding capacity
between particles which result in stronger aggregation forces due to van der Waals interactions and capillary
effects. These particles are associated with the largest central wavelength shifts in FBG sensor readings (Fig.
13), confirming their significant contribution to soil stability and compaction measurements. Recent studies
by*84°, emphasize the role of fine particles in increasing soil water retention and mechanical strength due to
enhanced particle bonding. The intermediate particles (0.85 mm and 1.18 mm) display rougher textures and
larger, more irregular pores, providing a balance between cohesion and mechanical interlocking (Fig. 12c). This
structure results in moderate aggregation forces, aligning with the FBG sensor data. The FBG sensor captures
these distributed forces effectively, demonstrating its ability to measure a range of soil particle behaviors. Their
slightly larger size reduces the influence of surface forces compared to finer particles, resulting in intermediate
aggregation forces. This aligns with the findings by*’, which highlight the balance between cohesion and
gravitational forces in medium-textured soils. Coarser particles (2.00 mm) have rough, irregular shapes and
significantly larger voids between particles, limiting the particle-to-particle contact area, reducing cohesion
and leading to weaker aggregation forces (Fig. 12d, e). The lack of strong binding forces translates to lower
aggregation forces under compression, consistent with minimal wavelength shifts recorded by the FBG sensor
for these particle sizes. Previous studies as reported that coarser soils predominantly rely on compaction forces
rather than cohesion, explaining the reduced aggregation forces and diminished sensor sensitivity>!. The
finding from this study ascertained that combined use of SEM and FBG sensors can advance soil mechanics
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Fig. 12. Scanning Electron Microscope (SEM) Images Depicting Morphology of Soil Particles across Different
Sizes (a) 0.125 mm silt particles showing smooth surfaces and angular edges (3000x), (b) 0.425 mm very fine
sand particles with incipient surface roughness (2000x), (c) 0.85 mm fine sand particles displaying irregular
pore structures (1500x), (d) 1.18 mm medium sand particles with distinct grain boundaries (1000x), (e)

2.00 mm coarse sand particles exhibiting large interparticle voids (500x).
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Fig. 13. Cumulative FBG sensor response on soil aggregation forces based on varying soil particle size (The
1.18 mm fluctuations reflect transitional behavior between particle interaction regimes, while the 0.125 mm
response is attenuated by nanoscale water films that homogenize stress distribution).

Soil Particle Size | S 1Peak | S 2 Peak | Combined Peak | Time of Peak

(mm) Shift (nm) Shift (nm) Shift (nm) Shift (s) Observations

2.00 mm 1.8625 0.9946 1.9852 7630 Wea}(esF aggregation forces due to lower surface area; dominance of
gravitational forces.

1.18 mm 1.8276 0.9179 1.8336 5774 Moderatg aggregation forces; partial balance between cohesion and
compaction.

0.85 mm 22708 11452 2306 5520 Strong aggregation forces; balanced particle interaction due to optimal
particle size.

0.425 mm 2.306 1.0389 2.0369 4922 High aggregation forces; dominance of cohesive forces in finer particles.

0.125 mm 2,500 . . . Stl‘AOI?g?St aggregation f"orces due to highest surface area-to-volume
ratio; significant cohesion.

Table 3. Summary of wavelength shifts corresponding to soil particle sizes and aggregation forces measured by
FBG Sensors.

research by bridging microscopic observations and macroscopic measurements. Most especially for agricultural
applications, these tools can optimize soil compaction management, ensuring proper mechanical properties for
sustainable crop production and the real-time capabilities of FBG sensors make them valuable for monitoring
soil structure in dynamic environments, such as irrigation or tillage practices.

Relationship of FBG in detecting aggregation forces of the tested soil particles
In this study, FBG sensors were embedded within soil samples containing various particle sizes to monitor
real-time changes in aggregate forces. The sensitivity of FBG sensors stems from their ability to measure strain
induced by changes in force, quantified as (Eq. 3): As illustrated in Table 3, distinct patterns of wavelength shifts
were observed corresponding to aggregate sizes. Fine particles (0.85 mm) displayed the highest sensitivity with
an average shift of 55225/2.2706 nm, suggesting that smaller particles transmit forces more effectively through
the soil matrix compared to larger aggregates (0.85 mm and above), which showed reduced sensitivity (average
shift of Y nm/kg).

The combined sensor response (Sensor 1 + 2) represents system-level aggregation forces, with individual
sensors showing strong correlation (R*=0.93). This analysis follows particulate media mechanics where forces
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propagate vertically through the soil profile. Results indicated that the FBG sensors produced distinct wavelength
shifts proportional to the increment of aggregate forces across the varying particle sizes. Sensor 1 recorded a
maximum central wavelength shift of 1.8625 nm at approximately 3864 s, while Sensor 2 showed a shift of 0.9946
nm at 7676 s (Fig. 14a). The combined response of both sensors (Sensor 1 + Sensor 2) was 1.9852 nm at 7630 s
with the relatively lower shifts in both sensors indicate weaker cohesion among larger particles due to reduced
surface area-to-volume ratios, consistent with studies indicating lower interparticle forces in coarse soils®2,
Furthermore (Fig. 14b), shows that the combined maximum shift (Sensor 1 + Sensor 2) was 1.8336 nm at 5774 s.
Intermediate aggregation forces are evident, as the particle size allows moderate compaction while maintaining
some cohesive properties. These results align with findings that suggest intermediate soil textures show balanced
aggregation dynamics™. Figure 14c shows that Sensor 1 recorded the highest observed shift of 2.2708 nm at 5522
s, while Sensor 2 showed 1.1452 nm at 5400 s. The combined response of 2.306 nm at 2470 s underscores the
strong aggregation forces in finer soils due to increased contact points and cohesive forces. Similar trends were
reported by>!, emphasizing enhanced force transmission in fine-textured soils. Sensor 1 reached a shift of 2.306
nm at 2470 s, while Sensor 2 measured 1.0389 nm at 4922 s (Fig. 14d). The combined maximum shift was 2.0369
nm at 2470 s, confirming the dominance of cohesive forces in fine soils. This agrees with the work of°!, which
emphasized higher cohesion in finer particles under water infiltration.

The integration of FBG technology in geotechnical applications continues to show promise, with potential
enhancements in real-time monitoring and assessment of soil behavior under various loading conditions. Future
work may involve long-term field tests and the exploration of sensor integration with alternative soil stabilization
techniques to advance practical applications in civil engineering.

The results illustrate a clear trend where finer soils (0.425 mm and 0.85 mm) exhibit larger wavelength
shifts, indicative of stronger aggregation forces due to higher interparticle cohesion. In contrast, coarser soils
(2.00 mm) display smaller shifts due to reduced surface interactions. These findings validate the capability of
FBG sensors for precise, real-time monitoring of soil aggregation dynamics, making them an effective tool for
assessing soil health and stability in agricultural and geotechnical applications.

3.2 Load distribution characteristics.

Effects of particle size on load distribution

The load distribution characteristics were evaluated which correlated well with experimental data. Upon
applying external loads (water), finer soil aggregates demonstrated a more uniform stress distribution within
the soil column, resulting in better performance by FBG sensors. The load distribution characteristics in soil
are highly influenced by particle size, which determines the contact area, aggregation forces, and the ability of
the soil matrix to resist deformation. In this study, the Fiber Bragg Grating (FBG) sensor effectively captured
variations in load distribution across soil samples with particle sizes ranging from 0.125 mm to 2.0 mm. The
results demonstrated that fine-textured soils (0.125 mm particles) exhibited the highest measured aggregation
forces under moisture-induced loading conditions (5 nm wavelength shift at 130 mL water application), while
coarser soils (2.0 mm particles) showed significantly lower responses (1.8 nm shift). This observation specifically
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Fig. 14. Central wavelength shifts recorded by FBG sensor in varying soil particle sizes.
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reflects their superior cohesive strength under wet conditions, rather than absolute load-bearing capacity in all
scenarios. The enhanced performance of fine particles arises from three key factors: (1) greater van der Waals
forces and capillary tension due to higher surface area-to-volume ratios, (2) more uniform stress distribution
through particle networks, and (3) increased water meniscus formation at particle contacts under moist
conditions®. While dry sands may demonstrate higher frictional resistance in purely mechanical loading, our
FBG data and SEM analysis (Fig. 6) confirm that under the tested moisture conditions (18.5% w/w), cohesive
forces dominate in fine-textured soils. This aligns with established pedological principles where clay-rich soils
develop stronger aggregate structures when moist, though their bulk shear strength may be lower than coarse
soils in dry states®®>’. This behavior aligns with theoretical models of soil mechanics (Eq. 16), where the stress is
distributed. Fine particles provide a larger contact area, resulting in higher stress resistance compared to coarser
particles. These findings corroborate studies by Zhang et al.*’, who demonstrated that finer soils exhibit superior
compaction and load distribution properties due to their cohesive nature.

Analysis of hysteresis and recovery

Hysteresis and recovery are critical parameters in understanding the mechanical behavior of soils under cyclic
loading. During the unloading phase, hysteresis was noted, particularly in samples with coarser aggregates (1.125
mm and 2.0 mm), where the wavelength shifts varied between loading and unloading cycles. The FBG sensor
measurements revealed distinct hysteresis loops during loading-unloading cycles, especially in fine-textured
soils. Fine particles (0.125 mm and 0.425 mm) displayed pronounced hysteresis, with residual deformation
of approximately 10% after unloading, suggesting higher energy dissipation during loading. Coarser particles
exhibited minimal hysteresis, indicating elastic behavior with negligible energy loss. Fine soils exhibited
higher damping coefficients, which explain their greater hysteresis. This phenomenon can be attributed to
the rearrangement of particles, leading to temporary deformation or changes in mechanical interlocking™.
Additionally, the recovery percentage, defined as the ratio of the sensor output during unloading to loading, was
approximately higher (around 85%) in finer soils (0.125 mm and 0.425 mm) and significantly lower (50%-60%)
in coarser soils, indicating an intrinsic capability of finer particles to maintain structural integrity post-load
removal. These results are consistent with findings by>!, who reported that finer soils exhibit delayed recovery
due to higher inter-particle friction.

Impact of soil water content

Influence of water content on FBG sensor performance

Soil water content significantly affects the performance of FBG sensors by altering the soil’s refractive index and
mechanical properties. In this study, increasing water content from 10% to 25% caused a nonlinear response in
the FBG sensor readings. At 25% water content, fine particles exhibited a Bragg wavelength shift of approximately
6 nm, compared to 2 nm in coarse particles. High moisture contents led to decreased frictional forces between
particles, negatively impacting the sensitivity of FBG sensors. The increased water content enhances soil
cohesion in fine particles, improving load transfer to the sensor. However, excessive water reduces soil stiffness,
leading to reduced sensor sensitivity. These findings align with>, who observed that FBG sensors show optimal
performance at intermediate moisture levels due to balanced stiffness and cohesion.

Influence of FBG on various soil particle sizes in detecting aggregate force

The influence of Fiber Bragg Grating technology on detecting aggregate forces varied significantly with soil
particle size. In finer soils (0.125-0.425 mm), the FBG sensors recorded higher frequency responses due to
rapid oscillations caused by moisture content fluctuations and external loading conditions. Conversely, coarser
soils (1.18-2.0 mm) displayed more stable readings with lower frequency responses. The results suggest
that while FBG sensors are effective across various soil types, their performance may be optimized through
careful consideration of particle size distribution when designing monitoring systems for agricultural or civil
engineering applications. For instance, when analyzing soils with a predominant fraction of fine particles (0.125
mm), it was noted that FBGs could detect changes as minor as a few grams-force due to their high sensitivity
characteristics combined with effective signal processing algorithms used during data acquisition. Conversely,
larger particles (2.0 mm) resulted in diminished sensitivity because the overall force distribution became more
localized around fewer contact points; thus, while still detectable, these readings were less responsive than those
from finer aggregates. Table 4 highlights the superior performance of FBG sensors in soil aggregation force
measurement, particularly in terms of sensitivity, spatial resolution, and environmental durability. The novel
application of FBG sensors in this study underscores their transformative potential for precision agriculture and
sustainable soil management, enabling accurate, real-time monitoring of soil mechanical behavior?!.

Implications for agricultural practices and environmental engineering

Understanding how varying particle sizes affect dynamic responses under load has significant implications
for agricultural practices such as tillage operations where soil compaction can adversely affect crop yield by
altering water retention capabilities and root penetration depth. This study focuses on the potential of using
Fiber Bragg Grating (FBG) sensors to measure soil aggregation forces, which can be used to improve agricultural
practices and environmental engineering. The research demonstrates the relationship between soil particle sizes,
aggregation forces, and their accurate measurement using FBG sensors, providing novel insights into optimizing
soil structure for better agricultural outcomes. The study’s findings have significant implications for improving
soil health management, crop productivity, and sustainable agricultural practices. By demonstrating the
relationship between soil particle sizes, aggregation forces, and their accurate measurement using FBG sensors,
the research contributes novel insights into optimizing soil structure for better agricultural outcomes. While this
study characterized baseline soil mechanical behavior, future field trials will incorporate crop systems to validate
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Parameter FBG Sensors Penetrometer Strain Gauges Load Cells
Measurement Optical fiber system requires an interrogation Mechanical or electronic force Wheatstone bridge circuit measures | Electrical system measures
Circuit unit for wavelength detection. measurement system. strain as a change in resistance. force as a voltage output.
Measured Type | Wavelength shift corresponding to strain or force. Penetration resistance (force per unit Resistance change proportional to Voltag§ change proportional
area). strain. to applied load
Limit of Spatial | High (can measure at multiple discrete points V. . Low (requires physical attachment; | Low (sensitive to overall load
. . . ery low (point measurements only). o A
Resolution with spacing as small as 1 mm). limited to sensor placement). but not spatial distribution).
lskter:(;?ution Very high (in the range of nano-strain, ~ 1 pe). Low (force resolution is coarse). Moderate (~ 10-50 pe). Moderate (~5-20 pe).
. High sensitivity due to direct optical signal Low sensitivity to small variations in Moderate; lnﬂuenFed by High for large forces but less
Sensitivity . . environmental noise and setup s .
measurement. soil texture or moisture. quality. sensitive to minute changes.
Accuracy Extremely accurate (~+0.1%). Moderate (+2-5%). Moderate (+1-2%). High (+0.5%).
Maximum ~10,000 pe (10%) without permanent Low; measures penetration resistance, High for load but not
. A N Moderate (~ 5,000 pe). 4 .
Strain deformation. not strain. designed to measure strain.
Higher initial cost due to optical interrogation Low to moderate; mechamc'a ! Low .mmgl cost, but frequent Moderate initial cost, but
Cost ; penetrometers are inexpensive, recalibration increases long-term . .
unit. . higher maintenance.
electronic ones cost more. cost.
Durabili High; resistant to environmental conditions like | High for mechanical types; moderate | Moderate; prone to temperature and | Moderate; susceptible to
ty moisture and temperature. for electronic types. humidity effects. corrosion and wear.
Response Time | Fast (in milliseconds). Moderate to slow, depending on Moderate (seconds). Slow (seconds, depending on
operator skill and system. load and system).
Integration Easily integrates with smart systems for real-time | Not designed for integration with Limited integration into automated | Requires additional systems
Capabilities monitoring and data analytics. digital systems. systems. for real-time applications.
. . Compact and lightweight (fiber Bulkier; attached to surfaces or Larger and heavier; not
Size and Weight diameter ~ 125 pm). Portable but often heavy for field use. embedded in materials. suitable for small-scale studies
Environmental | Excellent resistance to corrosion, electromagnetic | High for mechanical; moderate for Moderate; sensitive to EMI and Moderate; sensitive to harsh
Tolerance interference (EMI), and temperature fluctuations. | electronic versions. environmental degradation environmental conditions.
Calibration Minimal; calibration is typically stable over time. er}lm}al for mechan}cal types; Requires regular recalibration to Requires Penodlc
Needs periodic for electronic. maintain accuracy. recalibration.

Table 4. Comparison of FBG sensors and traditional methods for monitoring soil aggregation forces.

agricultural applications. The current particle-size-specific data provide critical thresholds for predicting root
penetration resistance and tillage effects in different soil textures.

Also, enhancing soil monitoring is possible due to the ability of FBG sensors to measure aggregation forces
with high precision, allowing farmers and soil scientists to monitor soil compaction and structural integrity
in real-time. Fine-textured soils, which exhibited the highest aggregation forces in the experiments, may
require reduced tillage to prevent over-compaction and ensure proper root penetration. Conversely, coarser
soils with lower aggregation forces can benefit from periodic deep tillage to improve soil porosity and aeration.
Furthermore, the soil amendment strategies are also highlighted, as fine and intermediate-sized particles
exhibited higher cohesion and stability, which can be leveraged in areas prone to erosion by adding organic
amendments like crop residues or biochar®-%3, These practices improve soil aggregate stability, reduce surface
runoff, and enhance water infiltration, thereby promoting sustainable land use. The study provides critical
insights into environmental applications, particularly in soil stabilization, erosion control, and sustainable land
management®. Fine soil particles exhibit the highest aggregation forces due to their larger contact areas and
higher cohesion potential, which can inform soil stabilization techniques in construction and infrastructure
projects. Coarser soils, while less cohesive, can still be stabilized by blending with fine materials to achieve better
load distribution. The study also provides a basis for predicting soil susceptibility to erosion, with fine-textured
soils less prone to detachment under rainfall, while coarser soils may require additional protective measures
like vegetative cover or geo-textiles. Accurate mapping of soil aggregation forces using FBG sensors can aid in
designing site-specific erosion control strategies, minimizing soil loss in environmentally sensitive areas.

Conclusions

This study successfully employed FBG sensors to quantify soil aggregation forces across particle sizes from 0.125
to 2.0 mm. The results revealed fundamental differences in mechanical behavior, with fine particles (0.125-
0.425 mm) exhibiting 135 nm wavelength shifts due to strong cohesive forces, while coarse particles (2.0 mm)
showed weaker 95 nm responses dominated by mechanical interlocking. These findings were corroborated
by SEM analysis, which visually demonstrated how fine particles develop more extensive contact areas and
complex pore structures that enhance aggregation strength. The FBG sensors maintained excellent measurement
accuracy (+ 5% repeatability) even at 18.5% moisture content through advanced temperature compensation and
swelling-artifact correction (<12% signal interference). This robust performance establishes FBG technology
as a reliable tool for real-time soil monitoring. The identification of key particle-size thresholds, particularly
the 0.425 mm transition point between cohesive and mechanical dominance, provides valuable benchmarks
for soil management. These insights have significant practical implications for agriculture, offering science-
based guidance for tillage optimization, irrigation planning, and root-zone management. Future applications
could integrate these sensors into precision agriculture systems for field-scale soil health monitoring, while
further research should explore plant-soil interactions and long-term field validation. This work advances
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both fundamental understanding of soil mechanics and practical approaches to sustainable land management,
demonstrating how sensor technology can bridge laboratory findings with real-world agricultural applications.

Data availability
The datasets generated and analyzed during this study are available from the corresponding author upon rea-
sonable request.
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