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ABSTRACT: Particle crushing is a fundamental process influencing the strength, deformation, and permeability of granular soils, with
critical implications for the performance and long-term stability of underground foundations and earthwork backfills. Conventional
methods for assessing particle breakage, such as particle size distribution (PSD) analysis, are inherently destructive and unsuitable for
continuous or in situ monitoring. To address this limitation, this study investigated the application of acoustic emission (AE) sensing
as a non-destructive technique for capturing grain crushing processes during testing by interpreting associated fracture energy under
one-dimensional (1D) compression.

Laboratory experiments were conducted using single soil particles and two-dimensional chalk rod specimens subjected to
controlled 1D compression. Real-time AE monitoring was employed to capture micro-mechanical fracture events, with a focus on
analysing signal parameters such as cumulative AE signal strength. By correlating these AE metrics with mechanical responses and
known particle breakage behaviours, a model was developed to interpret fracture energy directly from AE signal characteristics.

This approach enables a novel pathway for estimating the fracture energy during particle crushing, which can be further linked to
evolving breakage indices and changes in particle size distribution. The proposed model has potential applications in real-time
assessment of density changes in subsurface soils or backfills, particularly in buried infrastructure networks where invasive sampling
is impractical. The findings advance the development of performance-based, non-destructive geotechnical monitoring frameworks for
long-term soil stability evaluation.
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1 INTRODUCTION applications due to their cost and scale limitations. In contrast,
AE sensing - which detects transient stress waves generated by
micro-cracking and fracture events - offers a low-cost, scalable
alternative. Originally proposed by Koerner and Lord (1976) in

Particle crushing is a fundamental process that governs the
mechanical behaviour of granular soils, significantly

influencing their _strength, deformation response ~ and the 1970s and 19805, AE techniques have gained traction in

permeability (Marsal, 1967; .Russell, 201 1)'. These micro- recent decades for applications in soil mechanics (Smith et al.,
mechanical processes are particularly critical in underground 2017; Tbraim et al., 2017; Mao et al., 2018: Luo et al., 2019)
foundations and backfills, where grain breakage under stress r 2 ’ " ; 2 )

alters grading, generates fines, modifies the volume, and
reshapes stress—strain behaviour (Thornton, 2000; Cheng et al.,
2003; Deluzarche & Cambou, 2006). As a result, the extent and
mode of particle crushing directly impact long-term stability,
settlement and load-bearing capacity in geotechnical systems
(Yan & Shi, 2014; Alvarez-Borges et al., 2018).

Breakage events in granular soils arise from asperity
contact, grain splitting and internal fracture, and are influenced
by mineralogy, porosity, particle size and shape, as well as
loading conditions such as stress path, rate and saturation state
(McDowell & Bolton,1998; Vulpe et al., 2014). While post-test
particle size distribution (PSD) analysis is commonly used to
evaluate crushing indices, this method is destructive, requires
direct access to the soil and is limited to laboratory conditions
(Dixon et al., 2018; Alidadi et al., 2022). As such, it is poorly
suited for in situ or real-time monitoring, especially in buried or
inaccessible environments.

To address these challenges, there is a growing interest for

Despite its promise, interpreting AE signal characteristics
in the context of fracture energy and particle breakage remains
a challenge. Most existing studies focus on AE hit count or
signal amplitude but fall short of establishing quantitative links
to mechanical energy dissipation during crushing. This study
aims to fill this gap by developing a model that correlates AE
signal parameters - including cumulative AE Signal Strength -
with fracture energy associated with grain breakage under one-
dimensional (1D) compression.

By integrating AE-derived fracture energy estimates with
evolving breakage indices and PSD changes, this work
proposes a new non-invasive framework for real-time
assessment of soil or backfill particle size distribution changes.
This approach offers transformative potential for performance-
based geotechnical monitoring and long-term infrastructure
health evaluation.

2 EXPERIMENTAL SETUP AND METHODOLOGY

non-destructive techniques capable of detecting particle This section summarises the testing methodology, focusing on
breakage in real time (Koerner, 1976, 1981; Tanimoto & the loading configuration, AE monitoring and specimen types
Tanaka, 1986). Advanced imaging methods, such as X-ray or used. Full experimental procedures, sensor calibration and
CT, provide detailed visualisation but are impractical for field detailed uncertainty analysis are available in Luo et al. (2019).
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2.1 Materials and Sample Preparation

To capture the full mechanical spectrum of particle crushing,
this study begins with single-particle tests and then progresses
to two-dimensional (2D) assemblies to reflect more realistic
interaction mechanisms. In the single particles (Figure 1), two
types of materials were initially examined: glass beads and
Himalayan rock salt. The glass beads are spherical, rigid, and
low-porosity particles (SiLibeads; Specific Gravity (SG) =
2.50), tested in five diameter sizes - 1 mm, 2.5 mm, 3.5 mm, 4
mm, and 6 mm - with five particles per size. The Himalayan
rock salt consists of ductile, pink-hued crystalline grains (SG =
2.17), also tested in five diameter sizes - | mm, 2 mm, 3 mm, 5
mm, and 6 mm - with ten particles per size. Each test was
conducted twice to ensure repeatability. These particles were
characterised and compressed uniaxially to assess their
crushing behaviour and suitability for AE monitoring.
Building on the insights from these single-particle tests, the
study introduces 2D assemblies using chalk rods to investigate
more complex and collective crushing mechanisms. Chalk was
selected for its well-defined fracture patterns and high acoustic
sensitivity, offering a consistent and tractable medium for AE-
based studies. Cylindrical rods (9 mm diameter x 9 mm height,
<3% dimensional variance) were fabricated and arranged into
columnar assemblies confined within rigid acrylic boundaries
(Figure 2). Seven assembly types were created using 1, 2, 3, 5,
and 10 columns. All assemblies except the 10-column group
were tested with a single standard packing arrangement. For the
10-column samples, three packing configurations—Iloose,
dense, and random—were used to examine how initial
arrangement influences crushing behaviour. Each configuration
has two samples to assess repeatability. This progressive testing
- from isolated particles to structured 2D packings - forms a
robust framework for evaluating AE activity across different
crushing modes and provides a foundation for developing more
realistic numerical models.

Figure 2. Side views of 2D chalk assemblies: (a) 1C, (b) 2C, (c) 3C,
(d) 5C, (e) 10C-simple, (f) 10C-dense, (g) 10C-random.

2.2 One-Dimensional Compression Setup

All particles and chalk samples were tested under one-
dimensional (1D) compression using a displacement-controlled
electro-mechanical loading frame (Figure 3). The specimens
were vertically compressed between two rigid steel platens: the
lower one was motorised, while the upper was stationary and
connected to a 5 kN reaction load cell. A Linear Variable
Differential Transformer (LVDT) was employed to monitor the
relative displacement between the platens. The loading rate was
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maintained at 0.25 mm/min, which is slow enough to avoid
dynamic effects while capturing fracture progression.

Figure 3. Schematic of Experimental Setup

2.3 Acoustic Emission Sensor Setup

Acoustic emission activity was captured using two broadband
piezoelectric sensors (10 kHz—1 MHz). Both were mounted on
the steel baseplate ~1 cm below the specimen using a
mechanical clamp to ensure consistent coupling. Silicon grease
was used as a coupling agent. AE signals were recorded in real
time via a PCI-2-based acquisition system (AEWIN software,
MISTRAS Group). Environmental noise testing and sensor
validation were performed prior to the main test campaign. The
key acquisition parameters used in the AE monitoring system
are summarized in Table 1.

Table 1. AE acquisition system settings
Parameter Value
Sample Rate (MSPS) 4
Recording Length (k) 5
Preamplifier Gain (dB) 20
Detection Threshold (dB) 36
Loading Rate (mm/min) 0.25

3 AE SIGNAL ANALYSIS AND FRACTURE ENERGY
INTERPRETATION

3.1 AE Signal Characterisation

AE monitoring was employed to capture real-time signals
associated with particle breakage and chalk rod cracking. The
PCI-2-based AEWIN system (MISTRAS Group) enabled
continuous tracking of transient elastic waves generated by
micro-mechanical events, such as crack initiation, propagation,
and crushing.

AE Duration

[¢— Rise Time —Di

AE Amplitude
AE Threshold

= U YTV

AE Signal

Time of Hit

= Ak BB B

Figure 4. Schematic of AE Features AE hits feature extraction
diagram with the AE parameters definition (software AEWIN manual
produced by MISTRAS company)

AE Counts

The key AE features analysed include amplitude, energy,
counts and duration (Figure4). AE Signal Strength is



mathematically defined as the integral of the rectified voltage
signal over the duration of the AE waveform packet, and it is
calculated over the entire AE signal dynamic range and is
independent of grain value, which reflects the total energy
released during a discrete fracture event. Higher values
generally indicate more intense cracking or splitting behaviour.
The signal analysis was informed by video footage of the tests,
which helped verify the correlation between visible fracture
events and corresponding AE signals.

3.2 Fracture Energy Model Development

Fracture energy is a critical parameter in the context of granular
crushing, representing the energy required to break a particle
into smaller fragments. From a theoretical perspective, this
energy can be linked to surface energy required to form new
crack surfaces, as originally described by Griffith (1920). In this
study, however, fracture energy is defined as the mechanical
work exerted on a particle until its structural failure - that is, the
area under the force-displacement curve (Baumgardt et al.,
1975):

Ac
Efracture = f FdA €Y)

0
where F is the applied compressive force, A is the measured
displacement and A, is the critical displacement at breakage.
Equation (1) captures the mechanical work exerted on a particle
until its structural failure.

4 RESULTS AND DISCUSSION

4.1  Fracture Energy measured from force-displacement

curves

In this study, AE signal strength was employed as a proxy to
evaluate the fracture energy released during one-dimensional
compression of both granular particles and cylindrical
assemblies. Among various AE parameters, signal strength
exhibited the most consistent correlation with particle breakage,
as confirmed by high-speed imaging and post-test image
analysis. These observations confirm that AE activity aligns
closely with the mechanical response of the materials. Fracture
energy was also quantitatively derived from the mechanical
response using Equation (1) in Section 3.2. The area under the
force—time curve, multiplied by the known loading rate, yields
an estimate of the energy input up to fracture. This provides a
practical approach to approximating fracture energy in AE-
monitored experiments.

Figures 5-7 illustrate the force-time and AE Signal
Strength-time histories for three representative specimens: a
glass bead, a salt particle, and a three-column chalk rod sample.
In the glass bead test (Figure5), the compression force
increases up to approximately 3.5 kN until a steep drop in force
is linked to a sharp AE signal peak up to 2-10° pV-s at the point
of rupture, reflecting the sudden and brittle nature of failure.
The results for the salt particle (Figure 6) shows a much lower
particle strength with a more gradual force increase
accompanied by dispersed AE bursts throughout the loading
phase. This may suggest progressive micro-fracturing in a more
ductile material, but it may also be the effect of a much lower
signal strength values up to about 107 pV's. The chalk rod
assembly (Figure 7) shows a stepwise force evolution,
corresponding to sequential crack events of individual rods,
where there was a clear force drop, and each marked by a burst
in AE signal. These consistent AE-force patterns across
different material types and configurations support the
reliability of AE Signal Strength for indicating fracture energy
release.
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4.2 Fracture Energy Estimation from AE Parameters

For the particle tests, the cumulative AE Signal Strength and
fracture energy were averaged for each group of particles with
the same diameter. Figure 8 presents the relationship between
mean cumulative AE Signal Strength and the corresponding
fracture energy for both glass bead and salt particle samples.
The x-axis (mean fracture energy) is plotted on a logarithmic
scale, while the y-axis (cumulative AE Signal Strength) remains
linear to accommodate the broad dynamic range of the data. A
strong positive correlation is observed for both glass and salt
particles, with glass samples exhibiting significantly higher
fracture energy values (up to ~819 J) and AE Signal Strength
(up to 2.8x10° pV-s), consistent with their brittle nature and
lower porosity. The linear regression fitted to the glass data
yields a coefficient of determination R? = 0.9964, indicating a
near-proportional relationship between fracture energy and AE
response.
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Figure 5. AE Signal Strength and force over time for a glass particle
test.
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Figure 6. AE Signal Strength and force over time for a salt particle
test.
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Figure 7. AE Signal Strength and force over time of a three columns
chalk rode sample.

For salt samples, which are internal crystal structure, both linear
and exponential fits were evaluated. The linear fit achieves a
high R? = 0.9612, suggesting some degree of nonlinear AE
accumulation as fracture energy increases. These trends imply
that cumulative AE Signal Strength serves as a robust and
material-sensitive indicator of fracture energy across particulate
systems. The results highlight the potential of AE monitoring in
capturing energy dissipation processes in crushable
geomaterials and support its application in real-time diagnostic
systems for granular fracture and compaction.

Complementary findings are shown in Figure 9, which
illustrates the relationship between cumulative AE Signal
Strength and corresponding fracture energy during sequential



cracking events in chalk rod specimens. The data are
categorised by fracture stages - first, second, and fifth cracks -
and exhibit an increasing trend in AE Signal Strength with
rising fracture energy. Linear regression lines fitted to each
stage illustrate strong correlations, with notably distinct
behaviours at later cracking stages. These results highlight the
model’s sensitivity in detecting the progressive development of
damage and its capability to capture the staged evolution of
fracture energy throughout the failure process.
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Figure 8. Mean Cumulated AE Signal Strength vs. Mean Fracture
Energy in glass particles and salt particles tests
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4.3 Implications for Real-Time Monitoring

Based on these observations, a semi-empirical model is
proposed to estimate the fracture energy released during
individual tests using AE data. The initial formulation considers
only the cumulative AE Signal Strength as input, expressed as:

()

where S, is the cumulative AE Signal Strength, and « is
material-specific calibration constants. The intercept p reflects
pre-fracture energy accumulation not captured by AE, as well
as potential signal attenuation due to sensor placement. Values
of o and P are not reported here to avoid overinterpretation
given the exploratory scope and limited sample size.

Since fracture energy corresponds to the energy required
to generate new crack surfaces, its estimation from AE signals
provides indirect insight into the evolution of internal particle
fragmentation. Through established fracture mechanics
principles, fracture energy can be linked to changes in crack
surface area, which in turn relates to shifts in particle size
distribution (PSD). As particle breakage leads to finer grading
and increased surface area, this information can further be
translated into bulk density changes within the granular
medium. These correlations lay the groundwork for using AE-
derived fracture energy as a proxy for in-situ monitoring of
density evolution, compaction state, and structural stability in
granular infrastructure systems.

Efracture = aSeym + B

5 CONCLUSIONS

This study demonstrated that AE sensing provides a viable,
non-destructive means of estimating fracture energy during
granular material crushing. By establishing a quantitative
relationship between AE Signal Strength and mechanical
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energy dissipation, the findings support the development of
real-time monitoring frameworks for particle breakage and soil
density evolution. The approach holds significant promise for
long-term assessment of subsurface performance in
geotechnical and infrastructure systems.
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