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This study investigates particle crushing mechanisms in granular soils during shearing through staged
triaxial compression experiments performed at prescribed axial strains and varying confining stresses,
integrating a high-performance acoustic emission (AE) measurement system. The study analyzed par-
ticle crushing-related parameters using grain size distribution (GSD)-based indices (relative breakage
index B; and its rate AB;) and AE-based parameters (high-frequency AE hits DRE and hit rates RRE). The
results confirm the feasibility of high-frequency AEs (>100 kHz) in comprehensive quantification of
particle crushing, with a strong linear relationship observed between DKE and B.. Significant particle
crushing occurs within the initial 5 % of axial strain, which correlates with the yielding and peak-stress
phases. This process yields fragments with a size range of 0.425-2 mm. Increased confining stresses
result in a steady rise in B; and D};’E, suggesting that large strains are required for stable particle grading.
The evolution trends of different high-frequency AE ranges reveal a shift to complex crushing mecha-
nisms, such as particle abrasion/grinding and corner breakage/particle splitting, highlighting the role of
stress and strain levels in influencing particle damage behavior.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction

factors. Internal factors mainly refer to the material's intrinsic
properties (e.g. mineralogical composition, morphology and an-

In recent decades, significant advancements in both experi-
mental and numerical methods have deepened our understanding
of particle crushing mechanisms in granular materials. Particle
crushing alters key material characteristics, such as particle shape,
surface roughness, and grain size distribution (GSD), and is a
complex process involving several distinct damage mechanismes,
in terms of particle abrasion/grinding, corner breakage, and cata-
strophic splitting (Nakata et al., 2001). The nature and extent of
these mechanisms are influenced by both internal and external
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gularity characteristics, initial void ratio and gradation, and par-
ticle defects (e.g. intra-particle porosity), etc.). The external
causation (or extrinsic factors) predominantly encompasses
applied loading conditions, such as the stress path and confining
pressure, strain rate dependency, thermo-chemical environment,
and boundary constraint effects, among others (Lade et al., 1996;
Indraratna et al., 1998; Nakata et al.,, 2001; Coop et al., 2004;
Altuhafi and Coop, 2011; Yu, 2017a, b, c; Yu, 2017a, b, ¢, 2018;
Yao et al,, 20214, b, 2023, 2024; Yao and Li, 2023; Li et al., 2024,
2025). Through one-dimensional compression tests, Nakata et al.
(2001) observed that the transition from uniform to well-graded
assemblies led to a shift in the nature of particle crushing: from
sudden catastrophic splitting to gradual splitting of smaller par-
ticles, asperity breakage, and surface grinding. In contrast, Altuhafi
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and Coop (2011) found that non-uniformly graded specimens
experienced less breakage, with larger particles primarily under-
going asperity damage and minimal particle splitting.

In addition to experimental studies, numerical and theoretical
simulations have provided valuable insights into particle damage
mechanisms upon loading. Bolton et al. (2008) conducted discrete
element method (DEM) simulations on uniformly graded mate-
rials under compression, revealing a progression of damage: initial
asperity breakage, followed by grain splitting during material
yielding, and, at higher stress levels, both asperity damage and
particle splitting across all grain sizes. Peng et al. (2022) demon-
strated through simulations that the dominant breakage mode in
crushable sands during pile penetration, whether full particle
fracture or corner breakage, is governed by initial particle shape.
However, the current understanding of how these mechanisms
interact under varying stress-strain conditions remains qualita-
tive, rendering the process inadequately understood.

Particle crushing has profound implications for soil mechanical
behavior, manifested as the suppression of dilatancy, reductions in
friction angles and permeability, and modification to the critical
state line (Lade et al., 1996, 2010; Bandini and Coop, 2011; Yu,
20173, b, ¢, 2018). To quantify these effects, numerous indices
have been developed. Traditional approaches often focus on par-
ticle gradation changes at specific sizes (Lee and Farhoomand,
1967; Marsal, 1967; Hardin, 1985; Nakata et al., 1999) or varia-
tions in particle surface area (Miura and O-Hara, 1979; Nakata
et al, 2001). Among these, the relative breakage index (B;),
introduced by Hardin (1985), remains the most widely adopted.
Further exploration has incorporated fractal and energy theories,
frequently in conjunction with the relative breakage index (B;), to
quantify particle crushing (Mandelbrot, 1983; Turcotte, 1986; Tyler
and Wheatcraft, 1992; McDowell et al., 1996).

Based on the above-mentioned indices, methods such as
sieving tests, digital Image correlation (DIC), and computed to-
mography (CT) have been employed to analyze changes in particle
gradation or morphology. These methods have facilitated
numerous studies examining the correlation between particle
crushing-related indices (e.g. B;) and macro-state parameters (e.g.
energy consumption). For example, Miura and O-Hara (1979)
established a correlation between changes in particle surface area
and plastic work per unit volume in monotonic and cyclic triaxial
tests. Similarly, Xiao and Liu (2017) introduced an exponential
model correlating particle crushing, defined by a modified relative
breakage based on the median particle size Ds5q, with plastic work
per unit volume. Lade et al. (1996) used a hyperbolic model to
correlate particle crushing (based on D19, which indicates that 10 %
of particles have sizes below this diameter) with total energy input
per unit volume. Hu et al. (2011) developed another hyperbolic
model linking modified B; to plastic work per unit volume based
on fractal grading. Liu and Zou (2013), Liu et al. (2014), Kong et al.
(2016), and Yu (2017c, 2018) applied similar hyperbolic models to
connect B with plastic work in both monotonic and cyclic triaxial
tests. These models have proven useful in quantifying particle
crushing, though they face challenges in isolating specific energy
contributions to particle crushing from total specimen energy,
which includes both crushing and non-crushing energy inputs.

This challenge raises an important question: how can particle
crushing-related parameters (e.g. specific particle crushing en-
ergy) be effectively isolated from macro-state parameters (e.g.
total specimen energy) to enable more accurate interpretations of
particle crushing? This gap underscores the need for further
investigation and the development of advanced techniques for
distinguishing between different micro-mechanical behavior
contributions.
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Recent advancements in acoustic emission (AE) and computa-
tional techniques offer promising solutions to the above-
mentioned issues. AE detects elastic waves stemming from
micro-mechanical behaviors, such as particle crushing and rear-
rangement in granular soils, providing insights into material
deterioration, failure mechanisms, and particle-interaction local-
ization (Lei et al., 2004; Kundu, 2014; Manuello et al., 2019; Lin
et al., 2021). AE parameters, such as hit (rate), have been shown
to correlate strongly with particle interaction-induced inelastic
strain, making AE a powerful tool for tracking particle interactions
during shearing (Mao et al., 2018, 2025; Smith and Dixon, 2019; Lin
et al,, 2019, 2020a, b, 2024a, b, 2025; Li and Smith, 2025). More-
over, recent studies have identified the critical role of frequency-
dependent AE signatures in the characterization of distinct
particle-interaction mechanisms. (Dagois-Bohy et al., 2010;
Michlmayr and Or, 2014; Mao and Towhata, 2015; Lin et al,,
2019, 2025; Liu et al., 2022). Lin et al. (2019) found that AE sig-
nals from particle rearrangement are typically below 100 kHz, in
contrast to those from particle crushing, which occupy a distinctly
higher frequency range. On this basis, Lin et al. (2025) demon-
strated a strong mathematical correlation between high-
frequency AE (>100 kHz) parameters and the B; index, enabling
the identification of distinct trends in particle crushing rates based
on failure modes, such as “barreling” or “shear banding”.

However, the study by Lin et al. (2025) was conducted under
conditions with minimal particle crushing, using silica sands with
a small median particle size (D59 = 0.471 mm) and low confining
stresses (up to 600 kPa). This presents a key limitation for the
utility of high-frequency AE parameters in quantifying extensive
particle crushing. Moreover, no staged experiments were con-
ducted to validate the use of AE for the comprehensive quantifi-
cation of particle crushing. These limitations highlight the need for
further research to explore the robustness of AE techniques under
conditions that induce substantial particle crushing.

To address these gaps, the present study presents staged
experimental results from a program of triaxial compression tests
on silica sands with larger particle sizes and higher confining
stresses. This study aimed to assess the capability of frequency-
dependent AE parameters for comprehensively quantifying sub-
stantial particle crushing and clarifying the underlying mecha-
nisms. This was achieved by correlating these crushing
characteristics with AE signal frequencies, thereby providing
deeper insight into the dynamics of granular soils under stress.

2. Experimental setup
2.1. Testing materials and apparatus

In a previous study, silica sand No. 5 (with a mean particle size
of 0.471 mm) was selected as the testing material to demonstrate
the capability of AE techniques in detecting subtle changes in
particle crushing (Lin et al., 2025). To further assess the applica-
bility of AE in quantifying substantial particle crushing during the
shear process, silica sand No. 3 was selected for this study. Silica
sand No. 3 shares the same mineral composition as silica sand No.
5 but has larger grain sizes, making it suitable for examining more
pronounced crushing effects. Both sands were sourced from Gifu
Prefecture, Japan, and provided by Takeori Co., Ltd. in Japan.

Fig. 1 presents the grain size distribution (GSD) curve of the
sands prior to testing, revealing a poor gradation. Fig. 2 shows a
microscopic image and laser scan of silica sand No. 3, highlighting
its angular and rough surface with abundant asperities, which are
expected to contribute to more substantial particle crushing in
terms of asperity abrasion and particle gridding. The basic physical
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Fig. 1. GSD of tested silica sand No.3.

properties of the tested sands, including the maximum and min-
imum void ratios and specific gravity, were measured following
the standards set by the Japanese Geotechnical Society (JGS 0111,
2015; JGS 0131, 2015; JGS 0161, 2015), with the results summa-
rized in Table 1.

The soil specimen, with a size of 50 mm in diameter and
100 mm in height, was prepared into a 0.5 mm latex membrane
using air pluviation from a certain height. This approach allows for
the achievement of a relatively homogeneous specimen with the
initial relative density maintained at around 85 %. The specimen
was then subjected to isotropic loading to a target confining stress
level, followed by an isotropic compression for 30 min, under dry
conditions. The triaxial tests were conducted using a modified
conventional apparatus featuring a low-friction, movable sled on
the bottom pedestal (Fig. 3). This sled was capable of linear
movement in two perpendicular directions and 360° in-plane
rotation. Given the authors’ interest in the study of shear band-
ing using AE source locating technique (Lin et al., 2021), the sled
was set to move laterally during the test in this study, as indicated
in Fig. 3c. This setting facilitates shearing along the shear band
without the lateral restraint imposed by a fixed base pedestal. The
axial loading is servo-controlled by an AC servo-motor, and a
constant loading rate of 1 mm/min was selected. The tests were
terminated at different prescribed axial strain (e;) levels from 5 %
to 30 % by a5 % increment, to provide stage-experimental results of
particle crushing for feasibility validation of the AE technique.
Details regarding the testing program are listed in Table 2.

Measurements of the applied axial load, axial displacement,
and confining pressure were obtained using a load cell, an axial
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Table 1
Basic physical properties of tested silica sands No. 3.

Gs
2.632

dso (mm) Cy

1.69

Ce
0.9

€min

0.691

€max

0.988

1.39

linear displacement transducer, and a pressure transducer,
respectively.

2.2. AE measurement system

A high-performance AE measurement system, depicted in
Fig. 3b, was utilized in this study. The system was composed of
eight R-CAST 304A piezoelectric sensors coupled with four Model
A1201 main amplifiers (Fuji Ceramics Corporation, Japan), a Na-
tional Instruments PXle-6366 data logger, and a dedicated com-
puter. The AE sensors exhibit a sensitivity of 115 dB + 3 dB (ref.
0 dB =1 V/m/s) across a broad frequency range (10 kHz-5 MHz),
with a resonant peak at 300 kHz. Each sensor integrates a field-
effect transistor (FET) head amplifier (20 dB + 2 dB gain) and
connects to the main amplifier, providing 53 dB + 3 dB gain,
resulting in a 55 dB sensitivity enhancement over conventional
systems. The AE sensor calibration data, as shown in Fig. 4a,
revealed frequency-dependent sensitivity variations, with the
minimum sensitivity (85 dB at ~90 kHz) still matching conven-
tional sensors' peak performance. The NI PXle-6366 data logger
features eight simultaneous analog inputs with a 2 million sam-
ples/sampling rate, sufficient to resolve AE signals up to 1 MHz
based on the Nyquist-Shannon criterion. AE signals associated
with particle-scale interactions (e.g. rearrangement or crushing)
exhibited peak frequencies reaching 700 kHz (Lin et al., 2019).
Consequently, a sampling rate of 2 Millon Samples/s was deemed
sufficient for reliable detection. The AE sensors were adhesively
mounted in a four-layer configuration on the membrane surface
near the specimen's end section (Fig. 3d), with aluminum shim
plates ensuring optimal acoustic coupling. Complete system
specifications are tabulated in Table 3, with additional methodo-
logical details available in Lin et al. (2025).

A typical AE waveform, along with its relevant parameters, is
shown in Fig. 4b. To effectively discriminate the signals, a
threshold of 0.03 V (i.e. 29.5 dB, referenced to 0 dB = 1 mV/(m s))
was applied. This threshold was selected based on the voltage level
generated by electrical and ambient noise, which ranged
from —0.01 Vto 0.01 V (i.e. 20 dB, referenced to 0 dB = 1 mV/(m s)).
An AE hit refers to a signal that exceeds the threshold, with its peak
recorded as the amplitude. The dominant frequency was identified

Fig. 2. (a) A microscopic image; and (b) A laser illustration of the tested silica sand No. 3.
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Fig. 3. (a) Soil specimen attached with AE sensors; (b) Schematic diagram of triaxial apparatus integrated with AE monitoring; (c) Low-friction movable sled on the bottom
pedestal; and (d) Schematic of AE sensor layout and coordinate during compression.

Table 2

Testing program of silica sand No.3 subjected to drained triaxial compression.
Testing item Specimen size, D x H (mm x mm) Relative density (%) Prescribed axial strain (%) Confining stress(kPa) Loading rate (mm/min)
$3-100-5 48 x 101.3 85.7 5 100 1
S3-100-10 48 x 101.7 84.8 10 100
S3-100-15 48 x 101.7 84.4 15 100
S3-100-20 48 x 101.5 85.2 20 100
$3-100-25 48 x 101 86.2 25 100
S3-100-30 48 x 101.6 84.3 30 100
S3-400-5 48 x 101.5 85.2 5 400
S3-400-10 48 x 101.5 85.7 10 400
$3-400-15 48 x 101.1 86.4 15 400
S3-400-20 48 x 101.3 85.9 20 400
S3-400-25 48 x 101 86.9 25 400
S3-400-30 48 x 101.3 86.2 30 400
S3-800-5 48 x 101.9 83.8 5 800
S3-800-10 48 x 101.2 86.4 10 800
$3-800-15 48 x 101.6 85 15 800
$3-800-20 48 x 101.1 86.9 20 800
S3-800-25 48 x 101.7 84.7 25 800
S3-800-30 48 x 101.3 86.1 30 800
$3-1600-5 48 x 101.8 84.3 5 1600
S3-1600-10 48 x 101.7 84.7 10 1600
$3-1600-15 48 x 101.8 84.3 15 1600
$3-1600-20 48 x 101.2 86.4 20 1600
$3-1600-25 48 x 101.6 85 25 1600
$3-1600-30 48 x 101.3 86.1 30 1600
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Fig. 4. (a) AE sensor calibration data; (b) A typical AE signal with parameter definition; and (c) The definition of the peak frequency.

Table 3
Specification of the employed AE measurement system.
Type Feature Value
AE sensor Measuring type Velocity
Working frequency 10 kHz-5 MHz
Resonant frequency 240 kHz-360 kHz
Sensitivity 115dB +3dB
Size 5.5 mm x 10 mm (diameter x height)
Weight 1g
Main amplifier Gain 53dB +3dB
Frequency range 20-2000 kHz
Output impedance 75 Q

Data logger
Al channels
Al resolution
Maximum voltage range
Minimum voltage range

Maximum analog input (Al) sampling rate

2 MS/s (1-channel)

8 (differential channels)
16 bits

-10vV-10V

—-1V-1V

by applying the fast Fourier Transform (FFT) to convert the signal,
whereby the frequency component at the spectral peak amplitude
was determined (Fig. 4c). This study analyzed the frequency-
dependent cumulative AE hits (denoted as Dag) and hit rate
(Rag), averaged across eight sensors, to interpret particle interac-
tion behavior. Herein, the AE hit rate is defined as the total number
of AE hits recorded over a 10-s interval, aligning with the meth-
odology of prior research (Lin et al., 2020a, 2025). The averaged
Dag and Rag are considered appropriate for providing a general and
representative overview of the AE information, facilitating com-
parisons across tests. Given the inherent location-dependent na-
ture of AE data, future work should focus on the dynamic response
of individual sensors to accurately correlate measurements with
macro-scale soil behavior.
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3. Testing results and discussion
3.1. Stress—strain relations of silica sands

Fig. 5 presents the mechanical response of the tested silica
sands under varying axial strain (e;) and confining stress (c%)
levels. The results show typical behaviors, with the deviatoric
stress—axial strain (g-¢,) response varying depending on the failure
modes observed. As shown in Fig. 53, in the absence of shear band
formation, the deviatoric stress (q) increases with &,, reaching a
smooth peak before leveling off, after which the specimen main-
tains a nearly constant strength over a broad strain range. In
contrast, when shear banding is observed, g rises to a distinct peak,
followed by significant strain softening. Due to the limitation in
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Fig. 5. Mechanical behavior of (a) deviatoric stress with axial strain, (b) sled displacement with axial strain, and (c) mobilized friction angle with axial strain of silica sand No. 3

under different confining stresses in triaxial compression tests.

the applied ¢,, a constant stress, which, along with a constant soil
volume, would indicate the arrival of a critical stress state, has not
yet been achieved.

The evolution of the mobilized friction angle, with its definition
shown in Fig. 5b, with strain follows a trend similar to that of the g-
&3 response. With increasing o5, both the stiffness and strength of
the specimen increase (Fig. 5¢), while the mobilized friction angle
decreases due to particle crushing. Curve fitting of the peak
strength and mobilized friction angle reveals that both parameters
can be expressed as exponential functions of the confining stress
(Fig. 5¢), a trend that aligns with established findings (Vesi¢ and
Clough, 1968). However, even at the maximum confining stress
of 1600 kPa, the “breakdown stress”, which is thought to induce
the complete breakdown of the interparticle friction angle (Vesi¢
and Clough, 1968), was not reached. This observation suggests
that the stress levels applied in this study were insufficient to
cause the full fragmentation of the sand particles, indicating a
limitation in the stress and strain levels achievable within the
experimental setup.

In addition to visual post-test examination of the specimens,
evidence for shear band formation is also observed through stress
drops (stress relaxation) in the g-¢; curve. These stress drops are
triggered by the stick-slip motion of the unconstrained sled,
which, free from lateral restraint (Lin et al., 2021), permits
shearing along the developing shear band. Each stress release
event is concurrent with a distinct transition in the g degradation
pattern, corroborating the shear band formation.

3.2. Particle crushing characterized by By

To investigate the particle crushing mechanism, size sieving
tests were conducted to obtain the pre- and post-test GSD curves,
as shown in Fig. 6a—c. Fig. 6d presents the final GSD curves for all
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tests in a double-logarithmic scale. For better interpretation, Fig. 7
further illustrates the typical results of the percent finer by weight
as a function of 5 % increments in ¢, and o}, presented as bar
graphs. Only the results from S3-100 and S3-1600 are shown to
illustrate the effect of £, on particle crushing in low and high
confinement sands (Fig. 7b and c, respectively). Similar trends are
observed for the S3-400 and S3-800 tests.

Figs. 6 and 7 show an enhanced generation of grain fragments
in the 0.425-2 mm size range. Under low confinement
(¢35 = 100 kPa), particle crushing mainly generates fragments
within the 0.85-2 mm range. In contrast, under high confinement
(¢y = 1600 kPa), although fragments mainly fall within the same
size range, a significant number of particles smaller than
0.425 mm are also produced due to more pronounced particle
crushing (Fig. 7a). This highlights the progressive breakdown of
the granular particles and the increasing complexity of the
crushing mechanism under different stress and strain levels. It
should be emphasized that despite its entrenched role in quanti-
fying particle crushing, sieve analysis suffers from inherent
drawbacks in accuracy and comprehensiveness. Common opera-
tional artifacts, such as inadequate sieving duration or improper
vibration intensity, systematically distort the GSD curve by artifi-
cially coarsening or fining the results. These fundamental limita-
tions necessitate developing an advanced measurement system
for full-process quantification of particle crushing. The authors
address this by developing a frequency-dependent AE parameter-
based characterization method, as will be illustrated in the
following sections.

Particle crushing of a granular soil assembly would not be an
indefinite process, and a stable grading is eventually reached at
high stresses (McDowell and Bolton, 1998; McDowell and
Harireche, 2002). The result demonstrates that the final GSD
curves tend to evolve toward a fractal distribution, evidenced by
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Fig. 6. The pre- and post-test GSD curves for silica sands subjected to (a) confining stress levels of 100 kPa and 800 kPa with strains ranging from 5 % to 30 %, (b) confining stress
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100-1600 kPa with strains ranging from 5 % to 30 % at double-logarithm scale.
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the linear relationship in double-logarithm scale in Fig. 6d, align-
ing with the findings of earlier studies (Coop et al., 2004; Wang
and Yan, 2013). The final GSD curve in this work has a fractal
dimension (D) of 1.9 (with the slope (k) of the GSD curves
approximately 1.1, and D = 3 — k), which aligns with the simulation
results reported by Wang and Yan (2013). However, typical fractal
dimensions D for many natural soils subjected to crushing are in
the range of 2.5-3 (Turcotte, 1986; McDowell and Bolton, 1998),
much higher than what was observed here. The relatively smaller
D in this study can be attributed to the moderate strain and
confining stress levels, which prevent the complete breakdown
and fragmentation of the sand particles, resulting in a less pro-
nounced fractal nature of the GSD.

Fig. 8a shows the definition of the relative breakage index, By,
proposed by Hardin (1985), which was used to quantify the extent
of particle crushing. Fig. 8b presents the results of B; at varying ¢,
and o4 levels. The data show that, regardless of the o level, B;
increases convexly with increasing strain, showing no sign of
stabilization within the stress and strain levels considered. This
behavior is consistent with earlier findings (Indraratna and Salim,
2002). Fig. 8c further shows the particle crushing rate per 5 % &,
(denoted as AB;). In agreement with the trends shown in Figs. 6
and 7, the increase in AB; is rapid during the first 5 % &,, fol-
lowed by a sharp decline in the next 5 %, and then a gradual
decrease that eventually stabilizes. The result suggests that the
majority of particle crushing occurs within the first 10 % e,.
Moreover, AB; in high-confinement sands increases faster but
decays more slowly with increasing e,. Fig. 8d summarizes B;
values at 30 % ¢, (B;) and peak AB; values (AB:) as a function of of.
It is found that B; increases nearly linearly with 5, while AB; in-
creases rapidly at first but eventually levels off with increasing o7.
These results, which are expected to shed valuable light on the
fundamental mechanisms governing particle crushing, will be
discussed later in detail alongside the corresponding frequency-
dependent AE characteristics.

A
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3.3. AE characteristics of silica sands

Our prior review (Lin et al., 2025) established that the fre-
quency content of AE signals effectively distinguishes their source
mechanisms in geomaterials. Specifically, in granular soils under
low confining stresses (<80 kPa), AE from particle rearrangement
mechanisms like sliding and rolling is characterized by dominant
frequencies below 100 kHz, as documented in direct shear and
sand avalanche experiments. (Dagois-Bohy et al., 2010; Michlmayr
and Or, 2014; Mao and Towhata, 2015; Lin et al., 2019; Liu et al,,
2022). On the contrary, particle crushing, particularly cata-
strophic breakage, generates higher-frequency AE signals
(>100 kHz) (Read et al., 1995; He et al., 2010; Mao and Towhata,
2015; Lin et al, 2019). Additionally, prior to catastrophic
breakage, particles undergo asperity abrasion and grinding under
elevated stresses, especially when surfaces are angular or rough.
These interactions produce medium-to-high-frequency AE signals
(>100 kHz), as demonstrated by Lin et al. (2019). Similar behavior
has been observed in rock shear experiments, where micro-
fractures in brittle asperities and crack ruptures emit high-
frequency AE (Ohnaka and Mogi, 1982; Kato et al., 1994). This
stress-mediated transition in AE frequency characteristics reflects
fundamental changes in energy dissipation mechanisms at parti-
cle contacts. The observed frequency shift from predominantly
sub-100 kHz signals during particle rearrangement to broadband
high-frequency emissions during abrasion, grinding, and frac-
turing processes provides critical insights for interpreting AE sig-
nals in granular systems. Given the mechanistic parallels between
asperity/corner breakage and particle crushing, we classify these
processes under the broader “crushing condition”. Thus, “particle
crushing” herein encompasses breakage, asperity abrasion, and
grinding. Additional information on AE frequency dependency
with particle interactions can be found in Lin et al. (2025).

To ensure consistency with Lin et al. (2025), the AE character-
istics were investigated both from the raw data and from high-
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Fig. 8. (a) Definition of relative breakage index, B; (after Hardin, 1985); (b) Evolution of B; with strain; (c) Evolution of particle crushing rate (AB; per 5 % axial strain) with strain;

and (d) Summarization of B} and AB; of silica sands with different confining stresses.
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frequency components above 100 kHz that were isolated via
Chebyshev high-pass filtering. Fig. 9a and b presents the evolution
of cumulative AE hits (D};) and the AE hit rate (R};) from the raw
data, respectively, for the aforementioned tests. The results show
good repeatability in the AE responses, with consistency across
tests terminated at different prescribed e, levels. Consistent with
previous findings (Lin et al,, 2021), the evolution of the R} -e,
curve closely mirrors the g-¢; relationship, reflecting the associ-
ated failure patterns. That is, without shear banding, the R} -e,
curves are featured with an initial rapid increase followed by a
smooth peak and then a quasi-constant regime, whereas the RI\E—ea
curves with shear banding are featured with an initial rapid in-
crease followed by a gradual increase to a distinct peak and then a
gradual decreasing regime. The authors consider that with suffi-
cient strain, R}; would finally level off, accompanied by the com-
plete formation of a shear band and the arrival of the critical stress
state, as observed in our previous results (Lin et al., 2021). Notably,
the sudden stress reductions in the g-e; curves correlated well
with transient decreases in the R}E curves. This correlation occurs
because acoustic waves (so-called stress waves) are intrinsically
linked to stress states, where a relationship is quantitatively
described by the exponential dependence of AE hit rate on stress
intensity factor (Lin et al., 2021).

Fig. 9c summarizes the evolution of DTAE at the end of the test,

i.e. at 30 % &, (denoted as DTA;, derived from Fig. 9a) and the peak
RTAE (denoted as RTA;) as a function of ¢}. The results demonstrate

that both DXE and RTA; increase exponentially with &3, mirroring
the trend observed in the development of peak strength. The
findings in Fig. 9 further validate the effectiveness of AE testing in
characterizing the shear mechanical properties of sandy soils.
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Fig. 10a and b shows the cumulative AE hits (DKE) and AE hit
rate (RRE) for the high-frequency components (i.e. >100 kHz),

respectively. For clarity, the results from the S3-100 case are
replotted as insets in both figures. The results reveal a good

resemblance between high-frequency AE parameters (i.e. D/"\'E and
RY:) and particle crushing indices (i.e. B, and AB;). Both D and
R increase with e, and o}. Notably, DY follows a similar convex
increase as B; with increasing £,. Meanwhile, RKE, which reflects
the rate of particle crushing, closely mirrors the evolution of AB;: it
rises sharply to a peak and then decreases quickly before leveling
off. The turning point of the Ri curve, marking the most intense
particle crushing, occurs at around 2.5 % ¢,. Additionally, as o
increases, RRE reaches its peak more rapidly and subsides more
slowly during subsequent straining. However, there is an excep-
tion with the S3-100 case, where the evolution of D} and RY;
diverges from the trends observed for B; and AB;. This discrepancy
is attributed to the different dominant particle crushing modes

and potential measurement accuracy issues with B;, which will be
further discussed in the next section.

3.4. Phase validation of the AE feasibility in full-process
quantification of particle crushing

Fig. 11 presents the relations between the total cumulative
number of high-frequency AE hits (DK;:) and B; derived at the
prescribed ¢, and varying o7 levels. A linear relationship is estab-
lished between D;‘E and B; through curve fitting (R* = 0.93), vali-
dating the feasibility of the high-frequency AE signal as a novel and
promising parameter to fully quantify a substantial amount of
particle crushing of silica sands. Interestingly, for sands subjected
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Fig. 9. (a) Cumulative AE hits of the raw data; (b) AE hit rate of the raw data; and (¢) Summarization of the total cumulative AE hits at the test end and AE hit rate at the peak of the

raw AE data of sands with different confining stresses.
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to lower confining stresses (e.g. 100 kPa), B; exhibits a better fit to a
semi-logarithmic relationship with DT,;E (logarithmic scale), as
shown in Fig. 11b, suggesting that the crushing behavior of silica
sands under low confinement conditions follows a distinct scaling
pattern. This is consistent with our prior work on silica sands with
smaller particle sizes and lower confining stresses (Lin et al.,
2025). Two primary factors may account for the observed differ-
ences in AE responses across sands with varying levels of particle
crushing. First, intrinsic differences in the particle crushing modes
likely play a role: for a soil assembly with a specific GSD curve,
finer silica sands (silica sand No. 5) tend to undergo surface
abrasion under lower stresses (as evidenced by Fig. 7b), while
larger particles (silica sand No. 3) are more susceptible to corner
rupture and particle splitting at higher stresses (as evidenced by
Fig. 7c). Second, the B; index, derived through sieving, may not
capture the subtle changes in particle size that occur during the
early stages of crushing, particularly at lower confining stresses.
Both GSD-based indices (B; and AB;) and high-frequency AE
signals (DXE and RKE) confirm that significant particle crushing
occurs within the first 5 % ,, predominantly increasing particle
fragments between 0.425 mm and 2 mm. The rapid increase in DKE
and RKE (or By and AB;) during the early shear stages, with a
distinct peak in R,';‘E at 2.5 % «,, highlights the susceptibility of silica
sand particles to significant crushing between the yield and peak
stresses. This behavior is consistent with observations by
McDowell and Harireche (2002) and Wang and Yan (2013), who
reported a similar pattern of particle crushing coinciding with the
onset of sand yielding. Subsequently, in the post-peak stress
regime, the steady increase in D;‘E (or B;) with &,, coupled with the
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gradual decrease without stabilization in RKE (or AB;), suggests
that a final stable grading, representing the ultimate state of par-
ticle crushing, requires substantial straining, potentially exceeding
the strain limit of a typical triaxial test. This finding aligns with the
results of Hagerty et al. (1993) and Coop et al. (2004). Additionally,
as o increases, the initial rapid increase in RXE (or AB;) followed by
a slight decrease without stabilization indicates that the evolution
of particle crushing is stress-state dependent. Higher confining
stress leads to a longer period of particle crushing evolution,
requiring larger strains to reach the final stable grading in highly
confined sands.

3.5. Implication to the nature of particle damage mechanisms by
frequency-dependent AE characterization

In addition to the analysis of high-frequency components above
100 kHz, Lin et al. (2019) proposed that analyzing the AE signals
across different high-frequency groups can offer additionally
valuable insights into the various particle crushing mechanisms
involved in the single-particle breakage process. Specifically,
different micro-mechanical behaviors during a single-particle
breakage, including particle abrasion/grinding, microcracking,
and corner breakage/particle splitting, can be distinguished by
their characteristic frequency ranges: 100-200 kHz for asperity
abrasion/particle grinding, 200-300 kHz for microcracking, and
>300 kHz for corner breakage/particle splitting (Lin et al., 2019).
The frequency responses associated with single-particle fracturing
are illustrated in Fig. 12, with further details provided in Lin et al.
(2019). In view of this, we further categorize high-frequency AE
signals into three distinct groups — HL (100-200 kHz), HM
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Fig. 12. Typical frequency response of silica sands during single-particle fracturing
(after Lin et al., 2019).

(200-300 kHz), and HH (>300 kHz) — and attempt to explore their
potential implications for the nature of particle damage mecha-
nisms during shearing.

Fig. 13 presents the AE hit rates for these frequency ranges: RK]%
(100-200 kHz), REM (200-300 kHz), and R (>300 kHz). To assess
the contribution of each frequency group to the overall high-
frequency AE signal, Fig. 14 illustrates the ratios of R{L, RM, and
RE to RYL,
RUH/RE. (nyL+ num + nun = 1), respectively, under varying o
levels.

The results reveal that the evolution trends of RiL and REM
closely mirror the corresponding RKE curves, irrespective of the o}
value. These trends are typically featured with three distinct
stages: (1) a rapid increase stage, (2) a transition stage, and (3) a
relatively constant or gradually decreasing stage in low-
confinement sands (e.g. 63 = 100 kPa) and high-confinement

denoted as ny = REL/RY:, gy = REM/REL ) and npy =

sands (e.g. o5 = 1600 kPa), respectively. In contrast, RKE exhibits
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a distinctive behavior compared to RRE, particularly in highly
confined sands. Its evolution follows a similar three-stage pattern
but deviates in the final stage, where it shows a relatively constant
or gradually increasing trend under low and high confining
stresses, respectively.

For low-confinement sands (s3 = 100 and 400 kPa), RiL dom-
inates the total high-frequency AEs throughout the shear process,
with ny; decreasing from approximately 0.8 to 0.6 by the end of the
test. RR‘EV' contributes as the second-largest component, with nym
increasing from 0.1 to approximately 0.4. In contrast, RHH has the
smallest contribution, with gy remaining between 0.1 and 0.2. As
o5 increases to 800 kPa, R}[\‘EM becomes the dominant contributor
after approximately 3 % e,, corresponding to the pre-peak stress
regime. In this case, yyv increases from 0.4 to 0.6, while the
contribution ofR/"\‘é decreases, with »y; dropping from 0.6 to 0.3. At
the highest confining stress (63 = 1600 kPa), RHH initially con-
tributes minimally (7yy = 0.05), but its proportion increases pro-
gressively with straining. In the post-peak stress regime, R/"\"E"

slightly surpasses both RHL and RHM, becoming the dominant
contributor, with a final yyy of 0.4.

The above findings imply that during triaxial compression, the
evolution of particle crushing processes of silica sands is governed
by both the applied confining stress and the progressive strain,
resulting in a dynamic transition between different particle
damage mechanisms, including particle abrasion/grinding, parti-
cle microcracking, and corner breakage/particle splitting. These
mechanisms might occur simultaneously but evolve in a stress-
and strain-dependent manner, highlighting the progressive failure
of the granular assembly. The transition is especially pronounced
in high-confinement conditions, where the particle damage
mechanism becomes more complex and shifts toward finer par-
ticle fragmentation (as evidenced by Fig. 7c). The increased
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Fig. 13. Evolutions of high-frequency AE hit rate with different frequency groups for silica sands subjected to different confining stresses of (a) ¢, = 100 kPa, (b) o; = 400 kPa, (c)

o3 = 800 kPa, and (d) o3 = 1600 kPa in triaxial compression tests.
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dominance of higher-frequency AE signals (R,l:\“él) in Figs. 13 and 14
further underscores the transition of particle damage mechanisms
from surface abrasion (RHL) and microcracking (REM) to corner
breaking and particle splitting (RiH), as o} increases. The GSD re-
sults presented in Figs. 7 and 8 further corroborate this shift,
where an enhanced growth in fragments within the second largest
size ranges of 0.855-2 mm occurs in lowly confined sands, while
highly confined sands produce a significant number of smaller
fragments with sizes smaller than 0.425 mm.

The findings of this study clarify the varying contributions of
different particle damage mechanisms, paving the way for more
accurate predictions of granular material behavior under various
loading conditions. These insights are particularly important for
geotechnical applications, such as the design of high embankments,
large earth dams, deep soil fills, and other engineering structures,
where the material's behavior under high confinement and shear
stress directly impacts the stability and safety of the structure. While
frequency-dependent AE sources are known to be highly sensitive to
testing conditions, such as environmental noise and propagation
media. To this end, combining advanced techniques (e.g., DIC, X-ray
CT, and DEM simulations) can serve as an alternative to address this
gap by capturing particle morphology and micro-mechanical
behavior in detail. Such an integrated framework would substan-
tially improve the understanding of the dynamic nature of particle
damage evolution, leading to more accurate predictions of granular
material response under extreme loading conditions.

4. Conclusions

In this work, a series of stage-experiments of triaxial
compression was conducted, incorporating with high-
performance AE measurement system, on silica sands with
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prescribed axial strains and varying confining stresses. After
analyzing particle crushing-related parameters of GSD-based
indices (i.e. relative breakage index B; and its rate AB;) and AE-
based parameters (i.e. high-frequency AE hits D/"\'E and hit rate

RKE), some insights regarding the particle crushing mechanism of
silica sands upon shearing are offered as follows:

(1) The stage-experimental results phase validates the feasi-
bility of high-frequency AEs (>100 kHz) in the full-process
quantification of particle crushing, with a strong linear
relation between cumulative AE hits and B;. However, this
linear relation differs from the semi-logarithmic relation-
ship observed at smaller B; values in previous findings on
silica sand, which can be attributed to variations in particle
crushing modes and the limitations of B; measurement.

(2) Both GSD-based indices and AE-based parameters confirm
that significant particle crushing occurs early in the initial
5 % of axial strain, corresponding to the yield to peak-stress
phase, generating fragments in sizes between 0.425 mm and

2 mm. The steady rise in B; and D';\‘E, along with the slower
decrease in AB; and R}Z\‘E under increased confining stress,
suggests that a final stable particle grading requires large
strains, potentially beyond the limits of a triaxial test.

(3) The analysis of AE hit rates across different high-frequency
groups reveals that RHL (100-200 KkHz) and REM
(200-300 kHz) follow a similar trend to the total R};‘E

(>100 kHz), while REH (>300 kHz) shows a steady increase
under higher confining stresses. This shift suggests a tran-
sition toward more complex crushing mechanisms, such as
particle abrasion/grinding, and corner breaking/particle
splitting. The dominance of specific AE groups at varying



W. Lin, S. Tian, D. He et al.

confinement levels underscores the role of confinement in
influencing particle crushing behavior.
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Notations

Acoustic emission

Grain size distribution

Relative breakage index

B, values at 30 % axial strain

Rate of relative breakage index, referring to the rate of particle crushing
Peak value of AB;

Mean particle size

Effective particle size

Axial strain

A Effective confining stress

Deviator stress

Mean effective stress

Mobilized frictional angle

Maximum mobilized frictional angle

Fractal dimension of the final GSD curve

Slope of the final GSD curve in double-logarithm scale;

Cumulative AE hits, in which D}; and D!, represent those of the raw data
and high-pass filtered data, respectively

Total cumulative number of high-frequency AE hits

AE hit rate, in which R}; and R, represent that of the unfiltered data and
high-pass filtered data, respectively

AE hit rate in the frequency range of 100-200 kHz

AE hit rate in the frequency range of 200-300 kHz

AE hit rate in the frequency range above 300 kHz

Rat?o of RUL to R,

Ratio of R{M to RH;

Ratio of R{H to RK;

AE

THM
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