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Abstract: To elucidate the coupled breakage-deformation mechanisms of soft rock
residuals in large-scale embankment applications, this study focuses on phyllite

materials from the Kangluo Expressway project in Gansu Province, China. A combined



conditions to examine interactions between particle breakage and deformation. Talbot
continuous gradation curves (n=0.30, 050, 0.7) and corresponding single-sized
gradations were evaluated. A total of 400 single-particle crushing tests were performed
to derive the Weibull modulus mr and charactenistic strength ge through statistical fitting.
One-dimensional confined compression tests were then conducted in a steel cylinder
{150 mm diameter, 300 mm height) under axial stresses from 0 to 15 MPa to quantify
the breakage ratio. In the numencal analysis, a Fragment Replacement Method (FEM)
was implemented within the PFC3D discrete element framework. When the octahedral
shear stress exceeded a fracture threshold, the mother particle was replaced by 14
Apollonian sub-particles, with conservation of mass and momentum stretly enforced.
The simulation results aligned closely with experimental data regarding stress—strain
behavior and the correlation between Talbot gradation and breakage ratio. These
findings provide experimental validation and theoretical guidance for utilizing soft rock

waste and calibrating discrete element models.

Keywords: phyllite waste; particle breakage: continuous gradation; particle breakage
rate; fragment-replacement discrete-element method
1 Introduction

Large-scale infrastructure development projects, such as tunnel excavation and
road cutting, often generate substantial volumes of soft rock waste. Taking the Kangluo

Expressway in Gansu Province as a representative case, the majonity of the excavated
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materials—from both hillside cuttings and tunnel blasting—consist of phyllite, a low-
grade metamorphic rock characterized by pronounced foliation. If disposed of without
treatment, such matenals not only occupy valuable land resources and pose
environmental risks, but also represent a considerable underutilization of potentially
recyclable geomaterials. However, soft rock particles are inherently prone to crushing
under load, which may lead to excessive post-construction settlement, strength
degradation, and reduced permeability in embankment fills—factors that currently
constrain their widespread engineering application.

The mechanical strength of granular materals is a fundamental property
distinguishing them from continuum media. Understanding the statistical distribution
of particle strength is essential for accurately modeling breakage processes and
optimizing fill design in geotechnical, transportation, and materials engineering. Early
foundational studies by Hiramatsu and Oka (1966), Nakata et al. (1999), and others
proposed theoretical expressions for single-particle crushing strength based on uniaxial
compression and tension tests, establishing the basis for subsequent research on
breakage modeling. Given the prevalence of microcracks and structural defects in
granular media, particle failure 15 inherently stochastic and exhibits significant
statistical heterogeneity. The Weibull distribution has been widely employed to describe
the nonlinear relationship between particle size and strength. Experimental work by
McDowell and Bolton (1998), Lim and McDowell (2005), and Owalle et al. (2015)
validated the applicability of the Weibull model in both single-particle and full
gradation compression tests, and emphasized the influence of mineralogy, particle size
distnbution, surface irregularities, and structural anisotropy on strength dispersion.

In recent years, significant advancements have been made in understanding the

mechanisms of particle breakage. Kuang et al. (2023) used heterogeneous discrete
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element method (DEM) simulations to investigate how internal microsiructures
influence fracture imitiation and strength, demonstrating that microstructural
heterogeneity governs crack initiation sites and propagation paths. Zhang et al. (2024)
provided a comprehensive review of DEM-based modeling approaches for particle
crushing in geotechnical and mining contexts, recommending a hybrid modeling
strategy that combines the bonded-particle model (BPM) with the fragment
replacement method (FRM) to enhance simulation fidelity and computational efficiency.
Additionally, Rotter et al. (2024) proposed a multiscale bonded-network reconstruction
technique to improve the representation of brittle particle fragmentation within BPM
frameworks. Recent studies have also highlighted the evolution of micromechanical
parameters—such as force chains, contact density, and coordination number—in DEM
simulations, offering eritical insights into the link between microscale particle
interactions and macroscale mechanical behavior.

For granular assemblies, existing research has shown that crushing behavior is
governed not only by the intrinsic strength of individual particles, but also strongly
influenced by factors such as particle gradation, initial packing density, confining
pressure, stress path, and moisture conditions. For example, Gao et al. (2023)
demonstrated through loess compression tests that the coupled effects of stress level
and confining pressure significantly affect both the particle breakage ratio and dilatancy
behavior, providing insight into the volumetric deformation induced by crushing.
Similarly, Jia et al. (2022) systematically investigated the evolution of breakage modes
in basalt rockfill under complex loading and wetting conditions, proposing a stress-
path-dependent mechanism for particle failure in high-stress environments.

Despite these advances, the progressive breakage behavior of sofi rock residuals—

such as phyllite—under both continuously graded and single-sized conditions remains
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insufficiently understood. In particular, the bidirectional coupling between particle
breakage and gradation evolution, the patterns of breakage-induced deformation, and
the influence of particle structural characteristics on macroscopic stress—strain behavior
require further investigation through integrated physical testing and numerical
simulation. These represent the central scientific questions addressed in this study.

In summary, to address the unclear role of gradation and the poorly understood
coupling mechanisms between breakage and gradation evoelution in soft rock residual
fills, this study investigates the breakage characteristics of phyllite residuals generated
during subgrade construction along Section 544 of the Kangluo Expressway.
Recognizing that understanding single-particle crushing behavior is foundational to
modeling aggregate breakage, we first conduct a series of single-particle compression
tests to characterize breakage modes and establish strength—size relationships. These
results are then used to calibrate key parameters in the development of DEM
simulations. Subsequently, confined compression tests are conducted on phyllite
specimens with different continuous and single-size gradations to examine their
breakage behavior and stress—strain response under loading. This integrated approach
aims to provide a robust experimental and numerical framework for predicting the
mechanical performance and deformation behavior of soft rock residual fills while
offering practical guidance for material utilization and engineering design in
infrastructure projects.

2 Materials and Methods
2.1 Experimental Materials

The experimental material used in this study was phyllite residual waste produced

during munnel excavation along Section 544 of the Kangluo Expressway in Gansu

Province, China. Phyllite is a low-grade metamorphic soft rock characterized by well-
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developed joints and fissures, with significant heterogeneity in weathering degree even
within individual samples. The material exhibits pronounced water sensitivity, low
mechanical strength, and a high propensity for fragmentation under loading.

X-ray diffraction (XRD) analysis was conducted on the phyllite particles, and the
results are presented in Fig. 1(a). The diffraction patterns indicate that the dominant
mineral constituents include muscovite (38%), which exhibits pronounced basal
cleavage, and kaolinite (22.5%), a clay mineral prone to hydration-induced softening.
Orthoclase (27.1%) and quartz (12.4%) were also identified, with quartz and muscovite
observed to cluster unevenly within the particle matrix. Muscovite and kaolinite are
representative layered silicate minerals composed of 8104 tetrahedral sheets and A1-O
octahedral sheets, weakly bonded by interlayer potassium ions. This structural
arrangement results in excellent basal cleavage in muscovite, facilitating water
penetration between the layers, weakening the interlayer K' bonds, and ultimately
causing interlayer separation and shding (Zhang et al., 2020). Consequently, the
material 15 highly moisture-sensitive and prone to disintegration due to muscovite
delamination and kaolinite swelling, both of which significantly reduce its mechanical
strength. Moreover, the relatively high kaolinite content reflects active weathering,
indicating a loosely bonded and inherently fragile rock structure. These mineralogical
features collectively explain the engineering behavior of phyllite as a water-unstable,
low-strength, and easily crushable soft metamorphic rock.

Scanning electron microscopy (SEM) images of the phyllite particles are shown in
Fig. 1{b). The micrographs reveal a charactenistic flaky—scaly morphology with rough
surfaces and visible signs of interlayer exfoliation. This microstructure reflects the
presence of densely distributed cleavage planes within the particles, which act as

intrinsic mechanical weak zones. These planes significantly diminish the material’s
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shear and tensile strength, particularly along directions parallel to the foliation. Both
external mechanical loading and internal pore water pressure can readily initiate failure
along these pre-existing planes. The observed morphology corresponds to cleavage
development commonly associated with layered silicate minerals such as muscovite
and kaolinite.

Combined findings from the XRD and SEM analyses elucidate the fundamental
causes of phyllite's poor engineering performance, notably its water sensitivity, strength
degradation, and fragmentation tendency. These behaviors are intrinsically linked to the
rock’s mineralogical composition—rich in moisture-responsive layered silicates—and
its foliated texture formed during metamorphism. The non-uniform spatial distribution
of minerals further exacerbates internal heterogeneity and mechanical weakness. Upon
water infiltration, mechanisms such as muscovite delamination, kaolinite swelling, and
hydraulic wedging destabilize interparticle bonds, ultimately leading to disintegration
and rapid strength loss. The elevated kaolinite content also signifies ongoing
weathering processes that enlarge internal fissures and further weaken the structural
integrity of the material. As a result, the phyllite residuals exhibit a high susceptibility

to particle breakage under applied stress.
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Fig. 1 X-ray diffraction (XRD) pattern, mineral composition, and scanning electron microscopy
{SEM) image of weathered phyllite residual particles.

The raw phyllite residual blocks collected from the construction site exhibited
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substantial variability in size. Before testing, the materials were subjected to primary
comminution using a jaw crusher to reduce all particle sizes to below 50 mm. The
resulting crushed particles were subsequently sieved into five distinct size fractions: 5—

10 mm, 10-16 mm, 1620 mm, 20-25 mm, and 25-31.5 mm.

2.1 Experimental Equipment and Testing Procedure

The single-particle crushing tests were conducted using a Meters CDT1305-2
microcomputer-controlled electronic universal testing machine, as shown in Fig. 2{a).
The apparatus features a maximum loading capacity of 300 kN, a force resolution of
0.01 kN, and a controllable displacement rate ranging from 0.01 to 50 mm/min. For all
tests in this study, a constant loading rate of 2 mm/min was adopted. A total of 400
phyllite particles were randomly selected for testing, with 80 individual particles drawn
from each of the five pre-sieved size fractions, as illustrated in Fig. 2(b).

The testing system comprises three primary components: a computer interface, a
control and data acquisition unit, and a mechanical loading frame. Given the relatively
large gap between the machine’s loading platens, high-strength metal spacers were
inserted 1o ensure stable and uniform contact with the test specimens. The compressive
strength of the spacers was substantially higher than that of the weathered phyllite
particles, thereby minimizing the nsk of system-induced deformation and ensuring that

the measured failure loads accurately reflected the intrinsic crushing strength of the

particles.
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Fig. 2 Loading apparatus and phyllite particle specimens used for single-particle crushing tests.

During testing, each particle was repositioned multiple times to ensure a stable
orientation between the loading platens that minimized initial stress concentrations. The
lower platen was then gradually raised until contact with the upper platen was achieved,
at which point the vertical gap between the platens was recorded as the imitial loading
height d (Wang et al., 2023). Loading was then imtiated, and the test was terminated
upon observation of a through-going crack or large-scale fragmentation in the phyllite
particle, signifying structural failure. The corresponding failure load Fy was extracted
from the load-displacement curve and used for subsequent calculation and analysis of
the particle’s crushing strength.

In engineering practice, phyllite residuals used as subgrade fill are subjected to
compressive deformation under repeated traffic loads, leading to progressive particle
breakage. This mechanical behavior can be effectively approximated by a confined
compression model subjected solely to vertical loading (Xu et al., 2011). To evaluate
the effect of particle gradation on the mechanical response of phyllite residuals, a series
of confined compression tests was conducted under varying gradation conditions. The
resulting stress—strain data were used to calibrate the discrete element method (DEM)
model developed in this study.

The confined compression tests were performed using a YAW-4306

microcomputer-controlled electro-hydraulic servo testing machine, which offers a
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maximum loading capacity of 3000 kN and a stroke length of 200 mm. The test setup
incorporated a custom-fabricated steel confining cylinder with an internal diameter of
300 mm, a height of 300 mm, and a wall thickness of 16 mm, constructed from 20%
low-carbon steel. Axial loading was applied at a constant displacement rate of

2 mm/min through a hydraulically driven closed-loop servo control system. Load and
displacement signals were continuously monitored and recorded using high-precision
sensors, with a measurement accuracy of £ 1% for both parameters.

To reduce interface friction between the inner wall of the steel cylinder and the
specimen—thereby facilitating specimen extraction post-loading—a thin, umiform
layer of petroleum jelly was applied to the cylinder wall prior to testing.

Phyllite residuals used as subgrade fill materials exhibit pronounced sensitivity to
gradation in their mechanical behavior. Previous studies have demonstrated that both
particle size and gradation characteristics significantly influence the load-bearing
performance of granular fills. Building upon these findings, this section presents a
series of expenmental investigations from two perspectives: single-sized gradation
specimens and continuously graded specimens.

Two types of specimen configurations were prepared for testing. The single-sized
gradation group (B1-B3) comprised particles in the size ranges of 5-10 mm, 10-20 mm,
and 20-31.5 mm, respectively. The continuous gradation group (Al-A3) followed
Talbot distributions with gradation indices n = 0.3, 0.5, and 0.7. A summary of the
testing matrix is provided in Table 1.

Each continuously graded specimen, with a total mass of 33.5 kg, was prepared

using a layered vibration compaction method, vielding an nitial porosity of 0.384.
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Given the uniformity in particle size, the single-sized specimens were compacied to a
fixed height of 300 mm using the same method, resulting in specimen masses ranging
from 25 to 30 kg and initial porosities between 0.448 and 0.540.

To capiure the complete nonlinear response of the stress—strain relationship, the
maximum axial stress was set at 15 MPa. This loading condition provides a full
reference curve for the calibration of discrete element method (DEM) simulations
across the entire loading cyele. All tests were conducted within a steel confining
cylinder with an internal diameter of 300 mm. ensuring a diameter-to-maximum
particle size ratio of approximately 9.5, thereby satisfying the size-effect eriteria for

compression testing of granular materials.

P = () x 100% @

Where F; is the passing percentage of particles at size (%4); o is the particle size of

each gradation level (mm); dy, 15 the maximum particle size of the continuously graded

phyllite specimen (31.5 mm ) n 15 the Talbot gradation index.

Table 1 Test matrix for confined compression tests

Test ¢ o 10-1  16~2 20-2 25-31. 10-2 20-31. Maximum Pressure
D fi 1] 5 5 0 5 (MPa)
705
Al g 1073 565 604 670 15
A2 5‘:'3 1493 K41 941 1091 15
447
Al N 17.45 1052 1230 1494 15
Bl 100 \ \ 0 0 15
B2 0 \ \ 100 0 15
B3 iy \ \ \ 0 1040 15

3 Experimental Results
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J.1 Analysis of Single-Particle Crushing Strength and Size Effect

The strength of granular materials is one of their most fundamental mechanical
properties and serves as a key parameter distinguishing them from continuum materials.
Understanding the statistical distribution of particle strength holds considerable
practical significance for a wide range of engineering applications. In single-particle
compression tests, crushing strength is typically characterized by the particle’s crushing
stress. Based on the formulation proposed by Jaeger (1967), the crushing strength of an
individual particle can be determined using Equation (2):

O ==z (2)

where oy is the crushing stress of the particle, Fyis the peak load at the point of

particle failure (obtained from the load—displacement curve), and dg s the effective

loading length, i.e., the initial vertical height of the particle when it just contacts both
loading plates.

Due to the presence of numerous internal fissures, pores, and structural defects,
phyllite particles exhibit significant heterogeneity in their mechanical properties.
Additionally, variations in weathering degree—arising from differences in stratigraphic
and environmental conditions, even within the same excavation site—further contribute
to the pronounced dispersion in single-particle strength (Lobo-Guerrero and Vallejo,
2006). As a brittle material characterized by inherently high strength variability, phyllite
is well suited to statistical modeling approaches.

Previous studies have shown that the Weibull distribution function (Weibull, 1951)
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provides a reliable framework for deseribing the strength distribution of such
heterogeneous materials. Its applicability has been extensively validated across a wide
range of geotechnical granular materials (Zhang et al., 2016). Accordingly, the present
study adopts the Weibull distribution to analyze the probabilistic behavior of strength
varaton in phyllite particles.

Single-particle crushing tests were performed on a series of phyllite specimens, and
the test results were subjected to statistical analysis. The survival probability of particles,

denoted as F; . was calculated vsing Equation (3):

P =N'[ﬂi'.ﬂr;'

= — 3

where N is the total number of tested particles; N (a=ay) is the number of particles
in the group that remained unbroken under the applied stress o

The breakage of phyllite particles 1s treated as a probabilistic event, wherein the
survival probability P; is assumed to follow a Weibull distribution as a function of the

applied stress, as expressed in Equation (4):

ool

ﬂl:l

where oyis the charactenistic strength of the particles corresponding to a survival
probability Po=37% (MPa); the particle size corresponding to @ 15 referred to as the
characteristic particle size dy (mm); m is the Weibull modulus.

Taking the natural logarithm of both sides of Equation (3.3) yields the linearized
form shown in Equation (5):

In []n (Pl}] = min{g;) — min{a,) (5)
E
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lnfar) coordinate system and fitted using linear regression. As shown in Fig. 3, the
Weibull distribution fit for the 3-10 mm phyllite size group is presented; results for the
other size groups are provided in the table. In this plot, the slope of the fitted line
corresponds to the Weibull modulus m, while the intercept represents min{o) is the

characteristic strength.
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Fig. 3 Crushing strength—survival probability relationship for 510 mm phyllite particles

The crushing strength of phyllite particles conforms to the Weibull distribution, as
shown in Fig. 3. The Weibull modulus m obtained for the five particle size groups in
this study was 1.72 (5-10 mm), 1.70 {10-16 mm), 1.59 (16-20 mm), 1.51 (20-25 mm),
and 1.25 (25-31.5 mm), respectively. The value of m exhibits a clear decreasing trend
with increasing particle size, ranging from 1.25 to 1.73 overall.

As an intrinsic material parameter, the Weibull modulus m quantifies the degree of
strength variability: higher m values correspond to lower strength dispersion and
indicate greater material homogeneity (Meng et al., 2022). The observed decrease in m

with increasing particle size—amounting to a total reduction of 28.57%—suggests that
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strength vanability becomes more pronounced as particle size increases (Cm et al.,
2025). Detailed Weibull fitting parameters for each particle size group are provided in
Table 2.

Based on the results of single-particle crushing tests, this study systematically
mvesthigated the relanonship between particle crushing strength oy and charactenistic
strength o across different particle size groups. As illustrated in Fig. 4, the erushing
strength oy of phyllite particles exhibits a clear decreasing trend with increasing

effective loading height o, which serves as a proxy for particle size.
Table 2 Weibull fitting parameters for phyllite particles of different size groups

Particle Sore Average Loading Wetbull Characterstic Charactenstic

Group Height Modulus Strength Size

d (mm) T " ol MPa) dod )
S0 674 1.72 2217 T.55
10--16 1047 .70 2020 10,70
1620 1357 1.59 14910 15.31
M)--25 1758 1.51 13.59 2121

25-11.5 200000 .25 11.3% 25.50

The average crushing strengths for the five particle size groups, ordered from
smallest to largest, were 16.58 MPa, 14.41 MPa, 12,81 MPa, 10.52 MPa, and 9.82 MPa,
respectively. This represents an overall reduction of 6.76 MPa, corresponding to a
relative decrease of 40.77%.

This trend clearly demonstrates a pronounced size effect in both the particle
crushing strength gy and the characteristic strength ao. Under the same level of applied
stress, larger phylhite particles are more prone to breakage compared to smaller ones.
This can be attributed to the fact that larger particles typically contain more internal and

surface flaws—such as cracks, pores, and structural defects—which act as stress
15



more likely to initiate at these weak points in larger particles under compressive loading.
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Fig. 4 Relationship between single particle crushing strength and particle size for phyllite
residuals.
3.2 Stress-Strain Relationships of Phyllite Residuals with Different Gradations

Based on the experimental protocol outlined in Section 2.2, confined compression
tests were performed on the specimen groups listed in Table 1 using an electro-
hydraulic servo-controlled loading system. Axial load and displacement were
continuously recorded in real ume throughout the loading process. Given that the
stiffness of the confining apparatus was substantially greater than that of the phyllite
residual specimens, lateral deformation was considered negligible. Accordingly, the
deformation behavior was simplified to a umaxial compression model.

The axial strain &, was calculated using Equation (6), defined as the ratio of axial
displacement to the mmtial specimen height (300 mm). The axial stress o, was
determined using Equation (7), defined as the applied axial load divided by the cross-

sectional area of the loading plate.
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& = % (6)

where Ah 1s the axial displacement of the phyllite residual specimen (mm): A is the
initial height of the specimen, which 1s 300 mm.
F
o =27 ()
where F is the axial force applied to the phyllite residual specimen during loading
(N): R is the radius of the loading plate. which 1s 150 mm.
After the completion of the tests, the monitored data were used to calculate the
stress—strain responses of the specimens. The stress—strain curves for the continuously

graded specimens are shown in Fig. 5(a), while those for the single-sized graded

specimens are presented in Fig. 5(b).
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Fig. § Stress—strain curves of phyllite residual specimens under confined compression.

As shown in Fig. 5, with increasing vertical stress, the axial strain of both
continuously graded and single-sized phyllite specimens increases correspondingly.
while the growth rate of the stress—strain curves gradually declines. The overall
deformation process can be divided into three distinct stages: rapid deformation, slow

deformation, and stable deformation.
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In the rapid deformation stage, porosity decreases sharply as the mitially loose
granular structure compacts rapidly, resulting in a steep increase in axial strain. During
the subsequent slow deformation stage, secondary structural adjustments oceur through
frictional sliding and the breakage of larger particles within the now denser granular
skeleton. In the final stable deformation stage, remaining voids are progressively
compressed, and fine particles generated from breakage fill intergranular spaces,
leading to a more continuous and homogenized particle framework. At this stage,
smaller particles become more resistant to further breakage, and the rate of axial strain
increment significantly decreases. This staged evolution reflects a mechanical transition
of phyllite residuals from a discrete particulate system to a quasi-continuous medium,
governed sequentially by particle rearrangement, friction—breakage interactions, and
cooperative load-bearing between coarse and fine particles.

As depicted in Fig. 5(a), under an axial stress of 15 MPa, specimen A2 (Talbot
index n=0.5) from the continuously graded group exhibited the lowest axial strain
{0.27), which is 6.9% lower than that of specimen A3, the most deformable among the
continuously graded samples. In contrast, the minimum axial strain observed among
the single-sized specimens was .36 (specimen Bl), representing a 33.3% increase
compared to AZ.

This result 1s consistent with the findings of Cao and Wang (2003). They reported
that a Talbot gradation with an index of n=0.5 yields an optimized load-bearing

structure. This is achieved by maximizing the coordination between coarse and fine
18



particles, thereby minimizing deformation under identical loading conditions.

Overall, under the same axial stress level, the axial deformation resistance of
continuously graded specimens was supenor to that of single-sized specimens. From
the perspective of strain control, phyllite residuals with a Talbot gradation index of n

={1.5 (specimen A2) are considered the most suitable for use as subgrade fill materials.

3.3 Analysis of Breakage Characteristics of Phyllite Residuals with Different
Gradations
J.3.1 Particle Size Distribution Analvsis Before and After Testing

A particle size distribution analysis was conducted on the continuously graded
specimens to evaluate their breakage behavior. The mass proportion changes in each
particle size group before and after the confined compression tests were plotted, as
shown in Fig. 6. Post-test results revealed a significant reduction in the mass proportion
within the 5-31.5 mm size range. Specifically, the fine particle group (5-10 mm)
exhibited a reduction in mass proportion ranging from 25.19% to 30.13%, while the
coarse particle groups (10-31.5mm) experienced more substantial losses, with
reductions ranging from 34.20% to 44.29%. The decline in mass proportion was clearly
more pronounced in the larger particle groups compared to the smaller ones. Moreover,
within each specimen, the extent of mass loss increased consistently with particle size.

This trend can be attributed to two primary factors. First, phyllite residuals display
a strong particle size effect, wherein larger particles have a higher intrinsic probability
of breakage due to structural heterogeneity. Second, larger particles are subjected to

more contact points and tend to experience higher local contact stresses, thereby
19



particles undergo more severe crushing, leading to a greater reduction in their post-test
Mass proportion.

The Talbot gradation index n exerts a notable regulatory influence on the breakage
characteristics of the specimens. For the fine particle group (5-10 mm), the reduction
in mass proportion was 30.13%, 28.99%, and 25.19% for specimens Al (n=0.3), A2
{n=0.5), and A3 (n=0.7). respectively—showing a decreasing trend with increasing
Talbot index. In contrast, the coarse particle groups (10-31.5 mm) exhibited mass losses
of 3X32%41.78% for Al, 34.20%42.08% for A2, and 42.31%44.29% for A3,
demonstrating a clear increasing trend as n increased.

This behavior is primarily attributed to differences in the initial gradation structure.
Specimen Al, dominated by fine particles (with the 5-10mm fraction accounting for
over 70% of the total mass), forms a densely packed structure in which the primary
load-transfer paths are established between fine particles. Consequently, the fine
fraction in Al experiences the most severe mass loss due to crushing. In contrast,
specimen A3 exhibits a relatively loose packing structure dominated by coarse particles
{with the 10-31.5 mm fraction making up over 55% of the mass), which concentrates
stress within the coarse particle framework and leads to more extensive breakage in the
larger size fractions. Specimen A2 represents a well-graded, compact structure in which
both fine and coarse particles contribute meaningfully to the load-bearing skeleton. This

facilitates a more uniform distribution of contact stress, resulting in intermediate levels
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of breakage for both fine and coarse particle groups.
These results demonstrate that the Talbot gradation index n plays a critical role in
governing the evolution of particle breakage by modulating the internal force

transmission network within granular assemblies.
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confined compression.
3.3.2 Analysis of Particle Breakage Ratio in Phyllite Residual Specimens

Numerous scholars, both domestically and internationally have investigated the
phenomenon of particle breakage. Studies have shown that particle breakage
significantly alters the original gradation curve of granular materials, and that
comparing particle size distributions before and after testing provides a direct and
accurate means of quantifying the degree of breakage. Hardin (1985) introduced the
concept of breakage potential into the study of granular materials and defined key

parameters including the amount of breakage (B,), residual breakage potential, and total
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breakage potential (B,) . The total breakage potential is defined as the sum of the
amount of breakage and the residual breakage potential and is determined by the
minimum particle size present in the specimen. In Hardin’s analysis, particles with
diameters less than or equal to 0.074 mm are considered incapable of further breakage,
and this size 1s therefore adopted as the lower limit for breakage potential calculations
(Fig 7).

In this study, Hardin’s relative breakage model is used to quantify the extent of
particle breakage in the phyllite residual specimens. The calculation formula is
presented in Equation (8):

B, =— (8)
where B, is the relative breakage ratio of the specimen (%) B:is the amount of

breakage: B, 1s the total breakage potential.
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Fig. 7 lllustration of Hardin's relative breakage ratio model.

Sieve analysis was conducted on each specimen before and after the confined

compression tests to determine the mass distribution across different particle size

groups. The gradation curves were plotted using a semi-logarithmic coordinate system,
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where the logarithm of sieve aperture size was used as the horizontal axis and the
retained mass fraction as the vertical axis. Both continuously graded and single-sized
specimens were analyzed in this manner. The relative breakage ratio B, for each
specimen was calculated using the built-in integration function in Origin software,
based on Hardin's model.

The calculation results are shown in Table.3, where subfigures (a—c) present the
relative breakage ratios of the continuously graded specimens, and subfigures {d-f)

correspond to the single-sized specimens.

Tahle 3 Relative Breakage Ratio for Different Gradation Conditions

Gradation Type D Gradation Parameters  Relative Breakage Ratio Br/ %
Continusous Gradahon Al n={.3 2437
Continuous Gradation A2 n=0.5 0.0
Continuous Gradation A3 n={.7 3362
Single Pamicle Group Bl 5= 1 mnim LRI
Single Pamicle Group B2 1 0-2 Dmum 42,55
Single Pamicle Group B3 20-31.5mm 4684

The relative breakage ratio (B;) of the phyllite residual specimens is significantly
influenced by both the gradation type and particle size distnbution. Among the
continuously graded specimens, specimen A3 (n=0.7) exlubited the highest 8; value at
33.62%, followed by A2 (n=0.5) and Al (n=0.3, 28.37%), indicating a clear positive
correlation between the relative breakage ratio and the Talbot index n. Within the single-
s1zed groups, specimen B3 (20-31.5 mm) showed the hnghest breakage ratio at 46.84%,
followed by B2 (10-20mm, 40.22%) and Bl {5-10 mm, 36.01%), demonstrating a
strong positive relationship between breakage ratio and particle size.

This trend is primarily atiributed to differences in the initial gradation structures.
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For continuously graded specimens, an increase in the Talbot index n corresponds to a
higher proportion of coarse particles (>10 mm), increasing from 44.79% in Al to 55.21%
in A3. Due to the size effect of particle strength, the inverse relationship between
particle size and crushing resistance, the prevalence of larger particles leads to increased
breakage. A similar mechanism is observed in the single-sized specimens, where the
increase in 8; with particle size is directly governed by the negative correlation between
particle diameter and strength.

Under an axial stress of 15 MPa, the relative breakage ratios for the continuously
graded specimens (ranging from 28.37% to 33.62%) were significantly lower than
those of the single-sized specimens (36.01%—46.84%). Likewise, the axial strain values
of the continuously graded group (0.268-0.293) were markedly lower than those
observed in the single-sized group (0.364-0.409), indicating superior overall
engineering performance for the continuously graded phyllite residuals.

Considering both deformation resistance and breakage resistance, the continuously
graded specimen with a Talbot index of n =0.5 {specimen A2) appears to offer the most
favorable charactenistics for subgrade fill applications. Under the same axial stress of
15 MPa. A2 exhibited an axial strain 5.2% lower than that of Al, while its relative
breakage ratio was only 1.78% higher, demonstrating an optimal balance between

structural stability and crushing resistance.

3.4 Discrete Element Modeling (IDEM)

To investigate the mechanical behavior of phyllite residuals and comparable
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rockfill materials, a numerical simulation framework based on the discrete element
method (DEM) was developed in this study. As conventional continuum mechanics
approaches are inadequate for capturing discrete phenomena such as particle
rearrangement and breakage, the PFC3D platform was employed to construct a particle-
based numerical model. This software utilizes particle discretization to simulate the
evolution of contact force chains and particle crushing in granular geomaterials, thereby
overcoming the inherent limitations of physical experiments in revealing
micromechanical mechanisms.

The present simulation focuses on the crushing behavior of phyllite residuals under
confined compression conditions, with the aim of systematically analyzing the
relationship between breakage evolution and macroscopic mechanical response. The
findings are intended to provide theoretical support for practical engineering
applications.

Given the complexity of geotechnical systems, several assumptions were adopted
in the modeling process: (1) particles are treated as rigid bodies; (2) inter-particle
contacts are modeled as point contacts with assignable normal and tangential strength
parameters; and (3) a soft contact model is used, allowing for particle "overlap” at
contact points to represent local deformation and force transmission. Since individual
particles in PFC3D are idealized as rigid spheres and lack deformability, clumps (or
clusters) of bonded spheres were employed to approximate the morphology of

irregularly shaped blocks, thereby compensating for the limitations associated with
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spherical particle representation.

3.4.1 Contact Types and Contact Constitutive Models

In PFC simulations, two primary types of contact interactions are considered: ball-
ball and ball-facet contacts. Contact forces are applied at the point of “overlap”
between the interacting entities, as governed by the soft contact model.

For ball-ball contacts, the normal direction 1s defined by the line connecting the
centers of the two contacting spheres. In the case of ball-facet contacts, the normal
vector is determined by the shortest path from the center of the spherical particle to the
plane representing the facet (i.e., wall surface). These contact geometries and force

transmission directions are schematically illustrated in Fig. 8.
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Fig.8 Two basic types of contact in PFC and mechanical response system of the lincar contact
model.
In PFC3D. the mechanical response system between particles 1s constructed by
defining contact constitutive models such as stiffness models, slip models, and bonding
models. In this study, the linear contact model is adopted as the constitutive relationship

for both ball-ball and ball-facet contacts. This model incorporates constant normal and
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shear stiffness parameters kn. ks as well as a friction coefficient (p), making it
particularly suitable for representing the rough surface and highly crushable nature of
phyllite residual particles (Zhang et al., 2017; Xu et al., 2024). As illustrated in Fig. 8,
the mechanical mechanism of the model 1s represented by linear springs in both normal
and tangential directions. The normal and shear stiffnesses are predefined and remain
constant throughout the simulation. In the normal direction, a contact gap g. is defined
between interacting particles. The contact is activated only when g0, indicating
particle overlap. In the tangential direction, a friction coefficient p is applied to
constrain the tangential force, which is computed as the product of p and the
corresponding normal force.

This model involves three key microscopic parameters: the effective modulus (£,
emod), the stiffness ratio (&, kratio), and the friction coefficient {,u*, [frie). Among them,
k" represents the ratio of orthogonal stiffnesses, ie., the ratio between the normal
stiffiness &y and the shear stiffness k:. This relationship is defined in Equation (9), where
kq primarily governs the linear force in the normal direction, while & governs the linear
foree in the tangential direction.

K" == (9)

The relationship between the effective modulus E” and the normal stiffness ks is
given in Equation { 10):

ko =5 (10)

In the equation: A is the contact area, with its caleulation provided in Equations {9)
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and (10); L s the center-to-center distance for ball-ball contacts, or the perpendicular

distance from the ball center to the wall for ball-facer contacts, as defined in Equation

(11):
2rt,2D(t = 1)

g {HT2,3D (a1
i (1) p(2) zoad
3 [mm(R ,R@), ball — ball (12)
R™, ball — facet
(1) (2) =
, _ (R + R, ball  bal )

() ball — facet.
Figure 8 Illustration of r, RV, and R® in Equations (11-13)
3.4.2 Breakage Modeling Methods and Breakage Criteria

Within the framework of the discrete element method (DEM), particle breakage is
primarily modeled using two approaches: the Bonded-Particle Method (BPM) and the
Fragment Replacement Method (FRM). In BPM, each particle is represented as an
agglomerate of multiple bonded rigid sub-particles, allowing for a more realistic
approximation of actual particle geometry and internal structure. This method is
particularly effective for simulating breakage behavior in single particles or small-scale
particle assemblies (Tapias et al., 2012). However, BPM is computationally intensive
and does not support secondary fragmentation of sub-particles, which limits its
applicability in capturing the progressive breakage commonly observed in soft rock
materials.

In contrast, FRM does not replicate the exact morphology of natural particles but
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offers significantly higher computational efficiency. Upon meeting a predefined
breakage criterion, a parent particle is replaced by a set of smaller, preconfigured sub-
particles. This approach is especially suitable for large-scale simulations, as it allows
for recursive fragmentation and better reflects the staged crushing process of soft rock
aggregates. Given the substantial and continuous breakage observed in phyllite
residuals under confined compression, FRM was adopted in this study to balance
computational efficiency with adequate physical fidelity in modeling the complete
breakage evolution.

Two key parameters govern FRM implementation: the number of sub-particles and
the breakage criterion. The number of sub-particles affects both the computational cost
and the resolution of fragmentation, while the breakage criterion determines the
physical plausibility of breakage initiation. Due to the inherent variability in particle
geometry and material defects, experimental observations of fragment counts often
exhibit large fluctuations. Therefore, the selection of these modeling parameters must
be optimized based on material characteristics and empirical evidence to enhance the
robustness and accuracy of simulation outcomes.

With respect to sub-particle configurations, Ciantia et al. (2015) proposed five
Apollonian-based replacement schemes involving 2, 4, 8, 14, and 57 sub-particles.
These schemes have been successfully applied in confined compression simulations to
reflect different levels of fragmentation, as illustrated in Fig. 8(c).

Research findings have shown that both the 14-sub-particle and 57-sub-particle

29



Apolloman replacement schemes are capable of accurately reproducing the results of
laboratory-scale particle breakage tests. However, the 14-sub-particle configuration
offers a significant advantage in terms of computational efficiency while maintaining a
high degree of accuracy. Therefore, in this study, the 14-particle Apollonian packing
scheme 1s adopted as the preferred fragment replacement strategy for implementing the
Fragment Replacement Method (FRM) in the DEM-based simulation of particle
breakage.

Regarding the selection of breakage cnteria, there is currenily no universally
accepted standard for DEM simulations of particle fragmentation. Most existing criteria
are extensions of the stress-based and force-based thresholds originally proposed by
Astrém and Herrmann (1998). These criteria typically define a critical force or stress
level, beyond which a particle is assumed to fail and disintegrate. However, within
granular assemblies, the stress state of individual particles is influenced by complex
inter-particle interactions and multi-directional loading paths. As a result, the actual
breakage strength of a particle embedded within an assembly may exceed that observed
in isolated single-particle tests. This discrepancy implies that simplified metrics such
as average or maximum contact force or stress may not reliably capiure the onset of
breakage in realistic particulate systems.

To address this limitation, McDowell and De Bono (2013) proposed the use of the
octahedral shear stress criterion, which incorporates the characteristic strength oo

obtained from single-particle crushing tests as the critical stress threshold for breakage
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initiation. This criterion accounts for the three-dimensional stress state experienced by

particles within an assembly and has demonstrated improved predictive capability. The
mathematical formulation of this criterion is provided in Equation (14):

g =20y — 8)? + (0, — 03)* + (05— 0y)*: (14)

where ai, 0, and os represent the first, second, and third principal stresses of the

particle, respectively. The stress tensor a; for each particle in the discrete element

method is calculated using Equation (15):

Oy = 7 En, [ fdf (15)

where I denotes the volume of the particle, s is the total number of contact forces

acting on the particle, 5. represents the contact force at contact ¢, and 4/° 15 the branch

vector from the particle center to the contact point. The principal stresses ay. o2 @
correspond to the normal stress components oy« g2« o3, respectively.

De Bono and McDowell (2014) proposed that the octahedral shear stress-based
breakage criterion can be characterized by a critical stress threshold, denoted as [g],
which represents the particle's allowable stress limit. The value of [q] is calculated using
Equation{16).During the discrete element simulation, a particle is considered to
undergo breakage when its octahedral shear stress, calculated via Equation ( 16), reaches
or exceeds the threshold (i.e., g=[g]).

0L9F
[q‘] = 0.9y = dlr

(16)

Where oy denotes the crushing strength of the particle.

Phyllite rock waste is a naturally brittle material, and its particle erushing strength
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exhibits a Weibull distribution.

Moreover, based on Weibull statistical theory and the concept of size effect
{BaZant, 1984), the crushing strength oy of an individual particle can be calculated using
Equation {17).In this equation, the term (d/dy)m ™ is introduced to account for the size
effiect of phyllite particles, where d is the particle diameter, do 15 a reference diameter,
and m 15 the Weibull modulus.

5 rdy )
”F=[l" {F',;:Ld}]] (.:_u) o (17)

Where P; (d) denotes the survival probability of a particle of size 4, which is

modeled in the discrete element simulation as a random number uniformly distributed
between 0 and 1.
Accordingly, during DEM simulations, a particle is considered to break when the

applied stress satisfies Equation ( 18):

w ¢y )

&

q > [q] =09 []“[F;Ed}

J3.4.3 Model Construction

The construction of the PFC3D numerical model involves five main steps: wall
generation, particle generation, assignment of contact parameters, loading application,
and data monitoring/post-processing. The final numerical specimen configuration is
shown n Fig. 9

A cylindrical wall is used to replicate the confining steel barrel employed in the

laboratory experiments, with a diameter of 300 mm to ensure consistency between the
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numerical and physical setups. Rectangular walls are defined to represent the bottom
cap and the axial loading platen. The gradation curves, particle size distributions, and
porosities of the generated granular assemblies are matched to those of the laboratory-
prepared specimens Al, A2, and A3. Accordingly, the corresponding numerical models
are designated as Al-1, A2-2, and A3-3, respectively.

Following model imtialization, loading is applied to simulate the confined
compression process and capture particle breakage behavior. The loading rate 1s set to
2 mm/min, consistent with the laboratory conditions. A minimum breakage limit of
0.074 mm is imposed in the simulation, below which sub-particles are no longer
allowed to undergo further fragmentation. This constraint helps prevent excessive
computational cost while maintaining the physical relevance of the modeled breakage

process. Al-1/A3-3 can be found in Figures S11/S12 in the Supplemental Materials

section.
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J.4.4 Parameter Calibration and Model Valid ation

A key challenge in simulating particle behavior using the discrete element method
(DEM) hes in the selecung appropriate micromechamical parameters. Parameter
calibration must balance physical realism with computational feasibility. Although
several parameter calibration approaches have been applied to specific models, their
general applicability remains limited due to differences in model structure and material
properties. Currently, the mainstream calibration strategy sull relies on a tnal-and-error
method based on sensitivity analysis. This process begins by identifying reasonable
parameter  ranges through  sensitivity  studies—e.g., normal  stiffness
ka=0.5x10"~1.0%107, stiffness ratio kratio=0.95-1.03, and inter-particle friction
coefficient fric=0.4-0.7. These parameters are then systematically adjusted to fit the
laboratory test resulis, typically aiming for an error margin of less than 10%. Afier
extensive oplimization, a set of micromechanical parameters suitable for simulating the
confined compression and breakage behavior of phyllite rock waste was determined, as
summanzed n Table 4. The numencal simulation results obtamed using these
parameters were then compared with laboratory test results from specimens Al, A2,

and A3. The companson outcomes are shown in Fag. 10.

Tahle 4 Micromechanical parameter values

Model Entity Micromechanecal Parameter LUt Value
Particle density  ps ) kg/'m3 2564103
porosity — (354
Mormal stiffness kn M/m 0.4%=107
Particle Umt
kratio — 1
fric — 045
weall Mormal stiffiess (kn) I/ 0.4%= 108
kratio — 1
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Fig. 10 Micromechanical parameter calibration and inversion curve
As shown in Fig. 10, the stress—strain curve obtained from the numerical model
under loading agrees well with that from the laboratory test. Therefore, it is reasonable
to use the micromechanical parameters listed in Table 4 for the numerical modeling of
confined compression tests on phyllite rockfill, indicating that the parameter calibration

1s successful.

3.4.5 Analysis of the Dynamic Evolution Law of Particle Breakage Quantity

The micromechanical response mechanisms of phyllite rockfill during confined
compression are investigated using numerical models. For clarity and consistency, the
specimen identifiers remain consistent with those in Chapter 2. Specifically, the
numerical models corresponding to the laboratory specimens with Talbot indices of n
= 0.3 (Al), n = 0.5 (A2), and n = 0.7 (A3) are labeled as Al-1, A2-2, and A3-3,
respectively.

During the numerical simulations, particles are categorized into two groups: parent
particles that remain unbroken (group name: “None”) and newly generated fragments
resulting from breakage (group name: “Break™). All broken fragments are visually

distinguished by coloring them red. A FISH script 1s implemented to incrementally save
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the simulation state at every 5% axial strain interval, continuing up to a final axial strain
of 30%.

For visualization purposes, all results are presented from a unified front view, and
the wall (representing the confining steel cylinder) is set to 70% transparency to
enhance the visibility of particle breakage morphology.

To quantitatively assess the degree of particle breakage, the numbers of parent and
fragment particles at various strain levels are extracted and statistically analyzed using
FISH. The cumulative number of generated fragments under different axial strains is
summarized in Table 3 The cumulative number of broken parent particles as a function
of axial strain and Talbot index n is shown in Fig. 11.

Table 5 Cumulative number of fragment particles generated under different grading conditions
with Increasing axial strain

Strain (%) 0 5 1 15 20 25 1]
Al-1 0 210 517 1145 1977 3261 5316
A2-7 0 R6T 1595 2485 3708 5136 T452
A3-3 0 360 Ey2 1442 2108 3043 4183

Fig. 11 Surface plot of the cumulative number of parent particle breakages with axial strain
and tallkot grading index n
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As shown in Fig. 11, with increasing axial strain, all three numerical specimens
{Al-1, A2-2, and A3-3) exhibit a synchronized growth trend in both the number of
parent particle breakages and the generation of child particles. Moreover, the
progression of breakage clearly demonstrated a strong dependency on the Talbot
gradation index. At the terminal axial strain of 30%, quantitative results show that the
cumulative number of child particles generated follows the order: A2-2 (7.452) = Al-1
{5,316) = A3-3 (4,283), with corresponding parent particle breakage counts of 406, 324,
and 253, respectively. These yield child-to-parent particle number ratios in the range of
16.4]1 to 15.36.

It is noteworthy that the observed ratios (1641, 18.36, 16.93) are significantly
higher than the single-step substitution value of 14 child particles predicted by the
Apolloman packing model. This deviation strongly supports the presence of multistage
breakage processes in the numencal simulations, wherein parent particles undergo not
only primary breakage but also secondary and even tertiary fragmentation. From a
micromechanical perspective, this finding verifies the unique advantage of the
Fragment Replacement Method (FRM) in simulating the continuous breakage behavior
of granular materials. The realization of multilevel breakage overcomes the limitations
of conventional single-breakage models, enabling more realistic simulation of the
progressive fragmentation process in geomaterials.

By extracting the relative breakage ratio (8;) of the numerical specimens under

different strain levels and combining the data from Table 5 and Fig 11, the relationship
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curves of cumulative child particle generation and parent particle breakage versus axial

strain under different gradation conditions are plotted. as shown in Fig. 12.
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From Fig. 12, it can be observed that the relative breakage rate (8;) of numerical
specimens Al-1, A2-2, and A3-3 increases with axial strain. When the axial strain
reaches 30%, the relative breakage rates of specimens Al-1, A2-2, and A3-3 are 20.6%,
21.9%, and 27.5%, respectively. In comparison, the corresponding relative breakage
rates of the laboratory-tested specimens Al, A2, and A3 reported in Section 3.2.4 are
28.37%, 30.01%, and 33.62%.

Considering both the numerical simulations and the laboratory experiments, the
relative breakage rate B: of phyllite rockfill specimens under triaxial compression
exhibits a positive correlation with the Talbot gradation index n. The results of the
numerical simulations are qualitatively consistent with those of the physical
exXpeérments.

Since the particle breakage process of phyllite rockfill aggregates under external
loading is a highly complex mechanical phenomenon, it is unrealistic for numerical
maodels to fully replicate the actual test process at a 1:1 scale. Nevertheless, the stress—
strain curves obtained from the simulations exhibit a high degree of agreement with
those from laboratory tests. Furthermore, the qualitative analysis of breakage evolution
in this section aligns well with experimental observations, indicating that the simulation
results are highly reliable and can provide valuable support for subsequent studies.

Moreover, as shown in Fig. 12, the slope of the curve-which represents the
cumulative number of generated fragments with increasing axial strain-varies

significantly across different loading stages. This phenomenon can be attnibuted to the
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varying severity of particle breakage within the specimens at different deformation
stages. To further investigate this behavior, a growth rate formula is introduced for in-
depth analysis, as shown 1in Equation (19):
vy = (19)
Where v represents the growth rate of generated fragments at axial strain level i
N;denotes the cumulative number of generated child particles at strain level £ and N,
is the cumulative number at the previous strain level /1.
Based on Equation (19), the growth rate of cumulative fragment generation during

different loading stages was calculated for each specimen. The results are illustrated in

Fig.13.
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Fig.13 Vanation of fragment growth rate with axial strain
As shown in Fig.13, during the axial strain intervals of 5%-10% and 10%-15%,

the fragment growth rates of numerical specimens Al-1, A2-2, and A3-3 are 1.4619.
0.8379, 0.575 and 1.2147, 0.558, and 0.6349, respectively. These values are
significantly higher than the corresponding growth rates observed during the 15%-30%

strain stage for each specimen.
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This trend is attributed to the fact that the 3%—15% axial strain range corresponds
to the rapid deformation phase on the stress—strain curve. In this stage, the internal
particles of the specimen undergo rapid rearrangement under external loading, adapting
to the state of stress through positional adjustments and intense particle breakage. As a
result, the rate of fragment generation is relatively high.

By contrast, the 15%-30% axial strain stage aligns with the slow or steady
deformation phase of the stress—strain curve, during which axial strain increases more
gradually. Consequently, the intensity of particle rearrangement decreases, leading to

lower breakage activity and thus a reduced fragment growth rate.

4. Conclusion

This study focuses on phyllite construction waste generated during road
development in the Longnan region of Gansu Province. Based on its fundamental
engineering properties, a series of laboratory tests were conducted to investigate the
mechanical and erushing behaviors of both single particles and particle assemblies. In
addition, a discrete element model of continuously graded phyllite was developed using
PFC3D to simulate particle breakage behavior. From both macroscopic and mesoscopic
perspectives, the dynamic evolution of particle crushing and its underlying mechanisms
were analyzed. The main findings and conclusions are summarized as follows:

(1) Phyllite is mainly composed of muscovite (38%), orthoclase (27.1%), kaolinite

{22.5%), and quartz (12.4%), categorizing it as a moderately weathered soft rock. SEM
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leading to water-induced disintegration and strength degradation through exfoliation.

{2) Single-particle compression tests showed that strength follows a Weibull
distribution. The Weibull modulus decreased with increasing particle size, indicating
greater variability in strength for larger particles. Additionally, erushing strength
decreased as particle size and loading height increased, demonstrating a size effect.

{3) Confined compression tests revealed a three-stage stress—strain curve.
Continuously graded specimens exhibited better resistance to deformation than single-
sized specimens. The breakage ratio showed a negative correlation with both the Talbot
index and particle size, with larger particles (10-31.5 mm) experiencing more crushing.
A Talbot index of (1.5 provided optimal performance for subgrade fill applications.

{4) A discrete element model incorporating FRM and Weibull-based crushing
thresholds accurately simulated stress—strain behavior and breakage patterns. It
effectively captured multistage particle fragmentation, showing that a Talbot index of
~4.5 optimizes gradation and crushing resistance in phyllite material, offering insights
into utilizing soft rock waste for subgrade fill and guiding discrete element model

calibration.
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