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Abstract 

Grain morphology—a fundamental characteristic of granular materials—significantly influences 

their macroscopic behavior. This study comprehensively investigates the effect of crushing 

strength distribution, crushing mode, force–displacement curve, size, and realistic shape 

characteristics on the crushing behavior of weathered phyllite grains. A series of single-particle 

crushing tests was conducted to examine the Weibull distribution and crushing strength of 

weathered phyllite grains; three representative grain morphologies were considered: general form, 

local roundness, and surface roughness. Realistic shape characteristic parameters before and after 

particle crushing were obtained using three-dimensional scanning and image processing 

techniques. The results demonstrate that the particle crushing strength distribution of weathered 

phyllite grains can be accurately described using a Weibull function. The Weibull modulus, 

characteristic strength, and crushing strength of the weathered phyllite grains decreased with 

increasing grain size. Moreover, the three fragmentation modes—fracturing, splitting, and 

chipping—corresponded to the force–displacement curves displaying single-peak, double-peak, 

and multipeak characteristics, respectively. Furthermore, flatter and more slender grains exhibited 

more prominent angular characteristics. While smoother grain surfaces were more susceptible to 

fracture failures, rougher surfaces were less prone to such failures. These findings demonstrate the 

pronounced size effect observed in weathered phyllite grains. Furthermore, compared to the 

original weathered phyllite grains, an increase in fineness, angularity, and surface roughness, along 

with a decrease in flatness, was observed in the subparticles resulting from crushing. These 

findings provide a theoretical reference for the engineering application of weathered phyllite as 

roadbed filler material in mountainous projects and deeper insights into the effect of morphological 

features on grain crushing behaviors. 

Introduction 

Granular materials comprise interconnected solid particles (Deresiewicz 1958). They are prevalent 

in nature and daily life, and extensively used in hydraulic engineering, civil engineering, 

transportation, mineralogy, chemical engineering, and pharmaceutical engineering. In 

geotechnical engineering, granular materials (e.g., mineral grains, sedimentary deposits, and rock 

masses) exhibit exceptional engineering characteristics, which include high packing density, 

excellent compaction performance, strong permeability to water flow, and high shear strength. 
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They also resist deformation under a load with minimal settlement. Moreover, owing to their wide 

distribution range and high bearing capacity, they are widely employed in applications, such as the 

construction of rockfill dams (Jin et al. 2024; Marachi 1969; Wei et al. 2010), highway and railway 

embankments (McKenna et al. 2021; Miščević and Vlastelica 2019; Riviera et al. 2014; Wang et 

al. 2022a, b, 2024; Wen et al. 2025; Wu 2004), railway ballast (Kashani et al. 2017; Zheng et al. 

2022), and backfilling in coal mining operations (Le et al. 2021; Li et al. 2019). 

 

The construction of several interconnecting highways and railways in the mountainous regions of 

western China has resulted in an increased number of tunnels and road cuttings owing to the 

geological disparities in these regions. Significant variations in the terrain height necessitate 

numerous deep excavations and long tunnels, leading to a substantial amount of waste material. 

Additionally, there is a shortage of high-quality fillers, which further escalates the cost of subgrade 

fillers because of their long-distance transportation and high unit prices (Mao et al. 2017; Zhang 

et al. 2014). Consequently, road construction faces challenges, such as insufficient roadbed fillers 

and excessive excavation materials. To align with the new construction concepts of conservation, 

environmental protection, and sustainability, as well as to meet the linear requirements of road 

design, it is appropriate to implement a balanced approach to filling and excavation. By effectively 

utilizing waste materials (Feng et al. 2024; Liu et al. 2020), the problem of roadbed fillers can be 

efficiently addressed during road construction. 

 

Phyllite is a low-grade metamorphic rock exhibiting an intermediate degree of metamorphism 

between slate and schist, characterized by its phyllitic structure (Garzón et al. 2015). Owing to 

artificial blasting, mining, and other factors, the phyllite waste grains contain numerous defects 

such as micropores and microcracks as well as possessing irregular shapes with distinct angular 

characteristics. Consequently, when using phyllite particles as embankment-filling materials 

during compaction processes, significant particle crushing occurs under the influence of rolling, 

tamping, and vibration. Particle crushing leads to increased compressibility and reduced strength 

of the material, resulting in substantial deformation that ultimately causes overall instability and 

failure of the geostructure (Xiao et al. 2020b; Zhou et al. 2019). 

 

Grain breakage is a crucial characteristic of granular materials and has been the focus of numerous 

studies in recent decades (Huang et al. 2020; McDowell and Harireche 2002; Werkmeister et al. 

2005; Xiao et al. 2020a). It significantly influences the macromechanical behavior of granular 

materials. At the mesolevel, grain breakage alters particle contact relationships and induces 

reorganization within the mesostructure, thereby impacting its evolution. On the macroscale, grain 

breakage directly affects particle material gradation, which plays an important role in determining 

the strength characteristics, dilatancy, internal friction angle, porosity, pore-water pressure, and 

permeability coefficient of particle materials (Bolton et al. 2008; Li et al. 2023; Necochea et al. 

2024). 

 

The characterization of single-grain breakage serves as the foundation for analyzing the fracture 

characteristics within particle systems. Conducting a single-particle crushing test allows for the 

easy observation of particle fragmentation and accurate acquisition of information regarding 

particle crushing. Currently, most single-particle compression tests focus on rock and sand 

particles, primarily investigating parameters such as the crushing strength, mode of failure, force–

displacement curve characteristics, and distribution of the crushing strength (McDowell and 

Bolton 1998; Sefi and Lav 2022; Zhou et al. 2020). An increasing number of researchers have 

examined the influence of grain shape on the mechanical behavior of granular materials (Huang et 

al. 2023; Koutous and Hilali 2019; Xiao et al. 2019; Zhao et al. 2021b; Zhou et al. 2013). 

Consequently, consideration of realistic grain shapes when studying grain breakage has become a 

prominent topic. Recent studies indicate that the grain shape significantly impacts the fracture 
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patterns and crushing strength of the grains (Ma et al. 2017; Neveu et al. 2016; Shi et al. 

2021; Ying et al. 2021). 

 

Over the past two decades, various measurement techniques have been employed to acquire the 

morphologies of individual grains, including conveyors equipped with multiple cameras (Maerz 

and Luscher 2001), stereo photography systems (Zheng and Hryciw 2017), three-dimensional (3D) 

laser scanning techniques (Hayakawa and Oguchi 2005; Huang et al. 2020; Illerstrom 

1998; Lanaro and Tolppanen 2002; Latham et al. 2008; Ouhbi et al. 2017; Sun et al. 2014; Xie et 

al. 2020), and X-ray computed tomography (CT) (Wu and Wang 2024; Zheng et al. 2020). The 

3D laser scanning technique was initially applied to investigate ballast materials by Illerstrom 

(1998). Lanaro and Tolppanen (2002) devised a novel method for characterizing the dimensions, 

shape, and roughness of aggregate particles based on 3D laser scanning and evaluation of the 

coarse-grained aggregate particle images. Subsequently, researchers employed 3D laser scanning 

techniques to acquire precise size and shape characterizations of various materials, including 

gravel (Hayakawa and Oguchi 2005), rock aggregate (Latham et al. 2008), ballast (Ouhbi et al. 

2017; Sun et al. 2014), natural sand (Xie et al. 2020), and pebble (Huang et al. 2020). This high-

resolution 3D surface morphology analysis enabled the measurement of grain properties such as 

volume, surface area, and three Feret diameters in 3D space (Ouhbi et al. 2017). Hence, the 

suitability of the 3D laser scanning technique for capturing coarse aggregate-sized grains (10–100 

mm) was confirmed. 

 

The significance of single-particle failure on the mechanical properties and deformation 

characteristics of granular materials has been acknowledged in previous studies. Single-particle 

compression tests using two polished rigid plates are commonly employed to investigate grain 

breakage behavior (McDowell and Bolton 1998; Wang and Coop 2016; Yin et al. 2023). Previous 

experimental findings have demonstrated that factors such as grain size, angularity, mineralogy, 

and single-grain tensile strength influence the compression behavior of granular materials (Meng 

et al. 2022a; Nakata et al. 2001; Wang and Coop 2016; Yin et al. 2023). Nakata et al. (2001) 

proposed the following five modes of grain crushing in one-dimensional compression tests: no 

visible damage, single abrasion, multiple asperity fractures, major splitting, and further crushing 

of subparticles. Moreover, it has been theoretically and experimentally demonstrated that the 

strength of grain crushing follows a Weibull distribution (McDowell and Amon 2000; Meng et al. 

2022a; Weibull 1951). Weibull survival probability plots were generated to investigate the 

statistical characteristics of the crushing strengths of the tested particles. However, there is still a 

limited consensus on grain breakage criteria, and the mechanisms underlying breakage remain 

uncertain (Meng et al. 2022a). 

 

Despite recent advancements, previous studies have predominantly focused on natural granular 

materials such as gravel, pebbles, sand, and ballast. However, limited research has been conducted 

on the weathered phyllite resulting from artificial excavation or blasting. Furthermore, few studies 

have considered the particle morphology when investigating the crushing strength and related 

statistics of individual particles. Consequently, a comprehensive understanding of the crushing 

characteristics of weathered phyllite grains is required. To address these limitations, this study 

presents a single-particle compression test that examines weathered phyllite with varying particle 

sizes and shapes. The crushing strength distribution, crushing mode, form of the force–

displacement curve, and size effect of the weathered phyllite grains were analyzed. In addition, 

the particle crushing strength was evaluated using the Weibull statistical model. Additionally, 3D-

scanning and image processing techniques were employed to obtain the characteristic shape 

parameters of the weathered phyllite grains before and after crushing. Subsequently, the influence 

of a realistic shape on the crushing mode was examined, and the variation in the grain shape 

characteristics before and after crushing was analyzed. 
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Materials and Methods 

Basic Properties of Weathered Phyllite 

Weathered phyllite grains were collected from a highway construction project in the Longnan Area 

of Gansu Province, China (Fig. 1). The crushed weathered phyllite grains exhibited a flake-like 

and fragmented morphology with an uneven particle-size distribution. 

 

 

                              Fig. 1. Weathered phyllite filler studied. 

 

X-ray powder diffraction (XRD) analysis was conducted to determine the mineralogy of the 

weathered phyllite, and the results are presented in Fig. 2. The mineral composition of the 

weathered phyllite was characterized by significant proportions of muscovite (38.0%), orthoclase 

(27.1%), kaolinite (22.5%), and quartz (12.4%). Notably, compared to the phyllites found in other 

regions, the weathered phyllite exhibited elevated concentrations of muscovite as well as 

orthoclase, and relatively lower levels of quartz (Garzón et al. 2010; Li et al. 2024; Liu et al. 

2020; Zhao et al. 2021c). 

The chemical composition of the sample, as determined via X-ray fluorescence (XRF) analysis 

(Table 1), indicates the moisture content is 3%–6.7% and bulk density is 71–72.83 g/cm3 of the 

phyllite slag excavated from the tunnel. 
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                               Fig. 2. XRD and XRF analyses of phyllite. 

 

Table 1. Summary of chemical composition of the phyllite sample using XRF 

 

 
Point-load tests were performed on rock blocks composed of weathered phyllite using a point-load 

testing machine following the guidelines set by the International Society for Rock Mechanics 

(ISRM) (Franklin 1985). The point-load strength index was determined using the method 

described by Singh et al. (2012). The point-load strength index values ranged between 0.94 and 6 

MPa for weathered phyllite, with an average value of 3.39 MPa. Consequently, based on its 

properties, the weathered phyllite block can be classified as a type of soft rock (Heidari et al. 

2013; Liu et al. 2020; Mao et al. 2017). 

 

Because of the diverse shapes of fragmented phyllite grains, relying solely on sieve analysis to 

determine particle size is not sufficiently reasonable. The maximum dimensions of the screened 

phyllite grains were measured using calipers as an indicator of grain size (Zheng et al. 2019). 

Subsequently, the sizes were categorized into the following three groups: 5–10, 10–20 and 20–

31.5 mm (Fig. 3). Each group consisted of 100 particles. 
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           Fig. 3. Phyllite grains: (a) 5–10 mm; (b) 10–20 mm; and (c) 20–31.5 mm. 

 

Grain Surface Geometry Acquisition 

Grain morphologies were obtained using a 3D scanner, as shown in Fig. 4. This scanning technique 

closely resembled that employed by Huang et al. (2020). The entire scanning system comprised 

three components: the scanner host, an automatic turntable, and a computer. The structural light 

source captures the position coordinate data of the scanned object using a high-definition camera. 

The scanning system was equipped with four industrial-grade high-definition cameras offering a 

scanning accuracy range of 0.001–0.05 mm. The accuracy was sufficient for rock grains within 

the size range of 5–40 mm. Using an automatic turntable, an object can be scanned from eight 

angles, covering a complete 360-degree view. Additionally, to capture the comprehensive 3D 

morphology of each grain, manual rotation was required to scan both the top and bottom surfaces. 

Subsequently, the scanning data were transmitted to the computer’s scanning software via a 

Universal Serial Bus (USB) transmission line and intelligently merged into a unified point-cloud 

layer. Using Geomagic Studio software, the scanning results from various angles were aligned and 

seamlessly combined, allowing for the rescanning of any missing parts. 

 

A total of 300 weathered phyllite grains were selected, with 100 particles in each particle-size 

group. The 3D surface geometry acquisition process of the particles following the completion of 

scanning is illustrated in Fig. 5. The weathered phyllite grains were coated with an imaging agent 

and scanned using a 3D scanner to obtain point cloud data. The scanned images were then stitched 

and merged. The 3D point cloud data were gridded using the Flex Scan 3D software in the 

instrument and saved in STL format. After completing the initial scanning, the Geomagic Studio 

software used for processing the 3D models was employed to address any holes, nails, or 

suspended impurities that were not connected to the main body of the model. Finally, 3D shape 

images of the weathered phyllite particles were obtained. 
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                   Fig. 4. 3D scanning system. 

 

 

                Fig. 5. 3D surface geometry acquisition process. 

 

The generated surface mesh files were imported and processed using MeshLab 3D image 

processing software to generate an optimized mesh (Cignoni et al. 2008; Huang et al. 2020). The 

point-cloud data set obtained from the scanner was characterized by high density, which could 

result in an exceptionally refined finite-element mesh. Huang et al. (2020) concluded that when 

discretizing a rock grain surface with a minimum of 2,000 triangle elements, the roughness of the 

grain surface had minimal influence on the macroscopic response of granular soils. Therefore, we 

deemed it sufficient to select 50,000 triangular elements. 

 

Quantitative analysis of the grain shape was conducted using various shape descriptors (Domokos 

et al. 2015; Garboczi et al. 2012; Huang et al. 2023; Ma et al. 2018; Maroof et al. 2020; Mollon 

and Zhao 2012; Pouranian et al. 2020; Zheng and Hryciw 2015; Zingg 1935). Python code was 

employed to extract the grain dimensions by constructing a bounding box around each grain. The 

relevant statistics include the long axis (L), intermediate axis (I), and short axis (S). In addition, 
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the surface area (A), volume (V), and convex-hull volume (Vch) were calculated (Huang et al. 2023). 

A multiscale description of the grain morphology was developed at three levels (Liang et al. 

2022; Wang et al. 2017): large-scale (general form), medium-scale (local roundness), and small-

scale (surface roughness). The large-scale level corresponded to the overall shape of the particle, 

whereas the medium-scale level captured its surface edges and corners. The small-scale level 

provided details on the surface texture and roughness. The other shape parameters derived from 

the fundamental quantities are listed in Table 2. 

 

Table 2. Shape descriptor of the grains 

 

Note: As = surface area of a sphere with same particle volume; Di and Vi = diameter and volume of the maximum 
inscribed sphere; and Dc and Vc = diameter and volume of the minimum circumscribed sphere. 

Grain Crushing Experimental Procedure 

The electronic pressure testing machine (MTS CDT1305-2) was employed to conduct particle 

crushing tests, with a loading speed ranging from 0.01 to 50 mm/min and a testing range of 10–

300 kN. The precision of the machine was 0.01 kN. The testing apparatus consisted of three 

components: a computer, a measurement and control system, and a host computer (Fig. 6). To 

ensure the most stable positioning of the grains on the bottom platen, the plane formed by the long 

(L) and intermediate (I) axes of the phyllite particles was aligned parallel to the plane of the loading 

platen. Adjustments were made by rotating the grains until their bottom region achieved a minimal 

distance, indicating a lower center of gravity (Huang et al. 2020, 2023). After preloading, the upper 

loading platen maintained a stable contact with the top surface of the grain. Subsequently, a lower-

loading platen was used to apply a constant compression rate of 2 mm/min to the grains. 

 

The test was considered complete when cracks penetrated or significant debris formation occurred, 

leading to destruction of the main body of the grains. The fragmented particles were carefully 

collected and assigned unique identification numbers for subsequent 3D scanning analysis, 

enabling the investigation of the shape variations of weathered phyllite particles before and after 

crushing. 
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   Fig. 6. Particle crushing apparatus and loading diagram. 

 

Experimental Results 

Load Characteristics and Crushing Mode 

The displacement and force of the lower platen were recorded during the particle-crushing tests. 

A representative force–displacement curve is shown in Fig. 7. It can be inferred that the failure 

process can be categorized into the following three distinct stages: adjustment, elastic response, 

and crack propagation. 

 

 

        Fig. 7. Representative force–displacement curve. 

 

https://ascelibrary.org/doi/10.1061/IJGNAI.GMENG-11105#F7
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During the adjustment stage, as the grains made contact with the upper loading platen, a relatively 

slow growth rate of the force on the phyllite grains was observed. At this stage, the particles do 

not attain a fully stable stress state because their convex edges are in contact with the curved 

surface formed by the loading plate. Subsequently, upon reaching a completely stable stress state, 

they transition into an elastic response stage characterized by a gradual increase in the force growth 

rate and a linear relationship between force and displacement. No cracks were observed on the 

grain surfaces. However, when the force exceeded a certain threshold, the edges and corners of the 

grains underwent fracturing, resulting in an initial decrease in force. With a further increase in 

force, the grains entered a stage of crack propagation, where internal cracks gradually extended 

outward under the influence of the applied force, eventually leading to visible surface cracks. Upon 

reaching the peak crushing point, the cracks expanded rapidly until they penetrated the entire grain 

structure. Subsequently, fractures occurred along these cracks, and the force rapidly decreased 

until complete failure was achieved. This observation aligns with previous findings by Nakata et 

al. (2001), Huang et al. (2020), and Wang et al. (2017). 

Various crushing modes for single particles have been proposed in previous studies (Meng et al. 

2022a; Wang and Coop 2016; Weibull 1951). Wang and Coop (2016) suggested that the 

fragmentation of a single grain can be categorized into the following five modes: (1) splitting, (2) 

explosive, (3) chipping, (4) mixed, and (5) core remaining. However, observing all the 

fragmentation modes in a single test is not possible. Typically, two or three fragmentation modes 

can be observed in one test (Meng et al. 2022a). In this study, based on the analysis of grain 

morphology and the number of peak force points, the fragmentation modes of weathered phyllite 

grains can be classified into three categories: fracturing, splitting, and chipping, as illustrated in 

Fig. 8. The force–displacement curves exhibited both single-peak and multipeak features. The 

proportions of these three fragmentation modes within each grain-size group are presented in 

Table 3. 

 

1. Fracturing: As shown in Fig. 8(a), with an increasing force, the weathered phyllite grains 

instantaneously fractured from the middle and split into two grains along the fracture surface. 

The force–displacement curve exhibited a single peak, which initially displayed a smooth 

behavior. Upon reaching the crushing peak point, the curve sharply declined as the cracks 

rapidly propagated throughout the entire grain. 

 

2. Splitting: As illustrated in Fig. 8(b), the expansion of cracks resulted in the splitting of 

weathered phyllite grains into three to five pieces along the fracture surface without generating 

numerous small fragments (Nakata et al. 2001). The force–displacement curve exhibited a 

double peak, with the second peak point being generally higher than the first. Upon reaching 

this second force peak point, the curve sharply decreased, and the particles underwent 

fragmentation. 

 

3. Chipping: As shown in Fig. 8(c), the weathered phyllite grains exhibited multiple cracks with 

increasing force, which progressively expanded until collapse occurred, resulting in the 

formation of several minute fragments. The force–displacement curve demonstrated a 

multipeak pattern, followed by a sharp drop after reaching the highest peak point. 
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Fig. 8. Fragmentation modes and force–displacement curves of weathered phyllite: (a) fracturing; 

(b) splitting; and (c) chipping. 

 

Table 3. Statistical results of fragmentation modes 

 

 

Statistical Analysis of Grain Crushing Strength 

The crushing strength of a granular material is a crucial characteristic that distinguishes it from 

other materials. Therefore, studying strength distribution is of great practical importance in 

engineering. However, accurately determining the crushing strength poses challenges owing to 

the irregular shape of granular materials (Huang et al. 2020). Currently, researchers widely 

adopt the characteristic tensile stress to define the grain crushing strength, which is derived 

from the ratio of the peak loading force to the square of the distance between the upper and 

lower platens. The following equation has been previously employed by numerous researchers 

(McDowell and Bolton 1998; Jaeger 1967) to calculate the crushing strength of 300 weathered 

phyllite grains: 
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                                                                                                                (1)    

where σf = crushing strength of a single grain; Ff = maximum measured crushing force; and d = 

diameter of a single grain at failure. For a limited number of grains in the crushing test, the survival 

probability (Ps) was calculated using the following equation (Nakata et al. 1999): 

                                                                                                       (2) 

where Ns = number of particles that are not crushed at the crushing strength σf; and N = total 

number of particles. 

 

Weathered phyllite grains exhibit brittleness, and extensive studies have confirmed the suitability 

of the Weibull distribution function for describing the strength distribution characteristics of such 

materials. This has also been validated for other geotechnical granular materials (Huang et al. 

2020, 2023; Meng et al. 2022a; Weibull 1951). The occurrence of grain breakage in phyllite is 

considered a probabilistic event. McDowell and Amon (2000) demonstrated that the survival 

probability (Ps) of a grain of size d under diametric compression can be determined by 

 

                                                                                (3) 

where m = Weibull modulus; d0 = reference size; and σ0 = characteristic stress for a grain of 

size d0 under the assumption that 37% of the tested grains survive. 

 

By substituting d = d0 into Eq. (3), the following linear equation was obtained: 

 

                                                                          (4) 

By plotting ln[ln(1/Ps)] against lnσf, the Weibull modulus (m) can be determined from the slope of 

the best-fit line using Eq. (4), while σ0 represents the value of σf when ln[ln(1/Ps)] = 0. 

Fig. 9 illustrates the test data points and corresponding curves fitted according to Eq. (4). 

 

The strength of the weathered phyllite grains follows a Weibull distribution, which is consistent 

with the findings reported by Huang et al. (2020) and Oskooei et al. (2021). The Weibull modulus 

(m) and 37% characteristic strength (σ0) obtained for the three size groups in this study are as 

follows: 2.769, 16.89 MPa (5–10 mm); 1.993, 12.7 MPa (10–20 mm); and 1.967, 11.32 MPa (20–

31.5 mm). The m value decreased with increasing grain size, indicating an increased dispersion in 

the crushing strength of the weathered phyllite grains. 

 

Eq. (3) has been successfully applied in analyses of the Weibull modulus for various materials, 

including carbonate sand (Ma et al. 2019), Quiou sand (McDowell and Bolton 1998), rockfill (Xiao 

et al. 2019), and railroad ballast (Lim et al. 2004). The characteristic strength of different granular 

soils adheres to the properties described by the Weibull distribution function. Weibull 

modulus m represents the variability of the crushing strength distribution: a larger m indicates a 

more concentrated strength distribution, whereas an increasing particle size corresponds to a 

decrease in the m value, resulting in a more dispersed strength distribution among the particles. 
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Fig. 9. Weibull survival probability plot for weathered phyllite grain crushing strengths: (a) 5–10 

mm; (b) 10–20 mm; and (c) 20–31.5 mm. 

 

Size Effect on Strength Characteristics of Grain Crushing 

The strength of geotechnical granular materials exhibits not only discrete behavior but also a 

significant size effect (Huang et al. 2023; Koutous and Hilali 2019; Kuang et al. 2021; Xiao et al. 

2019; Zhao et al. 2021b; Zhou et al. 2013). In this study, the statistical analysis was conducted on 

the crushing strength (σf) and characteristic stress (σ0) of three different grain-size groups. 

Fig. 10(a) illustrates the relationship between the crushing strength (σf) and the diameter (d) of 

individual grains at failure, while Fig. 10(b) presents the relationship between the characteristic 

stress (σ0) and mean diameter (¯𝑑). Based on previous research, it is determined that there is no 

unique value for the mean diameter (¯𝑑). Therefore, we adopted the average value of the actual 

diameter as the mean diameter (¯𝑑) for each size group. 

 

The crushing strength (σf) of weathered phyllite grains exhibit a decreasing trend as the grain size 

increases. Specifically, the average crushing strengths for the three different grain-size groups are 

16.01, 11.51, and 10.30 MPa, respectively, indicating a reduction of 5.71 MPa with increasing 

grain size. Moreover, the characteristic strengths (σ0) for these three groups with mean 

diameters (¯𝑑) of 6.85, 11.10, and 15.16 mm were determined to be 16.89, 12.70, and 11.32 MPa, 

respectively, thereby demonstrating a decrease in characteristic stress as the mean diameter 

increases. 
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Fig. 10. Crushing strength with particle-size distribution: (a) distribution of the crushing strength 

with particle diameter; and (b) distribution of the characteristic stress with mean diameter. 

 

The weathered phyllite grains exhibited a pronounced size effect on both the grain crushing 

strength and characteristic strength. When subjected to the same loading stress, the larger 

weathered phyllite grains were more prone to fracturing than the smaller grains. This can be 

attributed to the presence of more cracks and pores within and on the surfaces of larger grains 

(Marone and Scholz 1989; McDowell and Harireche 2002; Nakata et al. 2001). Under equivalent 

stress conditions, structural weaknesses increase the likelihood of larger particle failure. In 

conjunction with previous studies (Lim et al. 2004; McDowell 2002; Wang et al. 2022c), it is 

evident that the size effect on the characteristic strength of rock grain materials is weaker than that 

observed for sand and gravel materials (Lim et al. 2004; Meng et al. 2022b; Wang et al. 2022c). 

As a type of soft rock grain material, weathered phyllite exhibits a similar size effect as rock 

particle materials, but with less intensity when compared to sand and gravel materials. This 

discrepancy arises because of the greater prominence of surface roughness and internal defects 

during the particle size increase in sand and gravel materials. 

 

Grain Shape Effect on Crushing Mode 

Studies on grain materials have revealed that the grain shape plays a crucial role in determining 

their crushing mode (Fu et al. 2017; Kawamoto et al. 2018; Ma et al. 2022; Maroof et al. 

2020; Shen et al. 2023; Zhao et al. 2021a). In this study, we selected 100 test particles within the 

size range of 10–20 mm to investigate the relationship between grain shape and crushing mode. 

Representative shape parameters, including sphericity, local roundness, and surface roughness, 

were selected for analysis in each dimension. 

 

The three crushing modes of fracturing, splitting, and chipping accounted for 52%, 26%, and 22%, 

respectively, in the 10–20-mm size group, with the fracturing mode being predominant. To study 

the grains in the fracturing mode, four shape parameters including elongation ratio (Er), flatness 

ratio (Fr), inscribed circle sphericity (ϕ0), and convexity (CX) were selected. For grains in the 

splitting and chipping modes, two shape parameters including volume sphericity (ϕV) and 

regularity (R) were chosen. The relationship between ϕ0 and ϕV serves as a mutual verification 

mechanism while that between CX and R also plays a similar role. This approach ensures accuracy 

in content analysis. 
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Frequency distribution histograms and trend lines illustrating the characteristic shape parameters 

of both the original and broken fragments are shown in Fig. 11. Notably, the frequency of original 

grains within the gray area (Fr > 0.495, Er > 0.775, ϕ0 > 0.32, CX < 0.03) in Figs. 11(a–d) is 

significantly higher compared to that of the broken fragments. Consequently, it can be inferred 

that weathered phyllite grains exhibit a greater susceptibility to fracturing failure under the 

following four specific conditions: (1) when their Fr values are smaller, indicating flatter grain 

shapes; (2) when their Er values are smaller, suggesting longer particle lengths; (3) when 

their ϕ0 values are smaller, implying more pronounced angular characteristics; and (4) when 

their CX values are larger, denoting smoother particle surfaces. 

 

 

Fig. 11. Frequency distribution histograms of characteristic shape parameters of original and 

broken fragments: (a) flatness ratio (Fr); (b) elongation ratio (Er); (c) inscribed circle sphericity 

(ϕ0); (d) convexity (CX); (e) volume sphericity (ϕV); and (f) regularity (R). 

 

https://ascelibrary.org/doi/10.1061/IJGNAI.GMENG-11105#F11
https://ascelibrary.org/doi/10.1061/IJGNAI.GMENG-11105#F11


16 
 

The frequency of original grains in the dark blue area (ϕV < 0.003, R > 0.85) in Figs. 11(e and f) is 

significantly higher than that of fragmented ones. Hence, it can be inferred that the weathered 

phyllite grains are more susceptible to splitting and chipping failure under the following two 

conditions: (1) larger ϕV leads to less pronounced angular characteristics of the grains, increasing 

their likelihood of splitting and chipping, which aligns with the relationship between ϕ0 and 

fracturing mode; and (2) smaller R indicates rougher grain surfaces, making them more prone to 

splitting and chipping failure, consistent with the relationship between CX and fracturing mode. 

 

Variation of Shape Characteristics before and after Crushing 

Grain breakage leads to alterations in the grain size, shape, and other parameters (Daouadji and 

Hicher 2010). These parameter changes significantly affect the mechanical properties of the grains. 

Subsequently, 3D scanning was conducted on 300 subgrains ranging from 5 to 31.5 mm formed 

after the grain crushing test. The shape-characteristic parameters of the subgrains were computed 

and compared to analyze the variations before and after crushing. This analysis encompassed three 

dimensions: general form (Er, Fr, Sf), local roundness (ψ3D, ϕ0, ϕV), and surface roughness (CX, R). 

 

The variations in the general form parameters before and after crushing are shown in Fig. 12. 

Following the crushing process, there was a significant increase in the proportion of subgrains 

with Fr > 0.55, leading to a shift in the distribution curve toward Fr = 1. Additionally, there was a 

substantial increase in the proportion of subgrains with Er < 0.75, which resulted in an overall 

leftward shift in the distribution curve. The mean value of Sf exhibited a slight increasing trend 

from 3.585 to 3.648 before and after crushing; however, it consistently remained >3, indicating 

that both the before and after crushing grains maintained their slender shape (Bolton et al. 2008). 

Consequently, the subgrains predominantly assumed a flat shape, while experiencing reduced 

elongation and increased slenderness. 
 

The predominant fracturing mode of the grains resulted in halving along a large crack from the 

middle, leading to significant changes in the long and intermediate axes of the subgrains after 

crushing. Specifically, the intermediate axis (I) experienced a greater change range than the long 

axis (L), resulting in a decrease in I/L ratio and an increase in the S/I ratio, ultimately causing the 

subgrains to become slender, as depicted in Fig. 13. 

 

The local roundness shape parameters before and after grain crushing are shown in Fig. 14. The 

values of ψ3D, ϕ0, and ϕV decreased following crushing, indicating an enhanced prominence of 

angular characteristics within the subgrains and a larger deviation from perfect sphericity. After 

crushing, the overall curve of ψ3D shifted toward the left, accompanied by an increased number of 

grains with ψ3D < 0.7 as well as decreased values for both ϕ0 and ϕV, thus resulting in a more 

dispersed distribution compared to the precrushing conditions. This can be attributed to the fact 

that most weathered phyllite particles undergo complete fragmentation during the crushing 

process, leading to their transformation into irregular fragments and consequently accentuating the 

subgrain angularity. 

 

The variations in the shape parameters of the surface roughness before and after grain crushing are 

shown in Fig. 15. Both CX and R exhibited significant reductions after crushing. There was an 

increase in the number of grains with CX < 0.8 and R < 0.85, leading to a leftward shift in the 

overall distribution curves. This can be attributed to the pronounced flat characteristics observed 
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in the weathered phyllite grains. During the single-grain crushing test, the grains were 

predominantly destroyed perpendicular to the schistosity plane, resulting in uneven fracture 

surfaces of the subgrains, and consequently, increased surface roughness. 

 

 

Fig. 12. Frequency distribution histograms of general form parameters before and after crushing: 

(a) flatness ratio (Fr); (b) elongation ratio (Er); and (c) Domokos shape factor (Sf). 

 

 

Fig. 13. Schematic diagram of mesoparameter transformation of fracturing mode. 

 



18 
 

 

Fig. 14. Frequency distribution histograms of local roundness parameters before and after 

crushing: (a) true sphericity (ψ3D); (b) inscribed circle sphericity (ϕ0); and (c) volume sphericity 

(ϕV). 

 

 

Fig. 15. Frequency distribution histograms of surface roughness parameters before and after 

crushing: (a) convexity (CX); and (b) regularity (R). 
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Conclusion 

Single-grain crushing experiments were conducted on weathered phyllite grains of various sizes 

and shapes, followed by 3D scanning analysis before and after the crushing process. This study 

investigated the failure load characteristics and effects of crushing mode distribution, crushing 

strength, size, and grain shape on the grain crushing process, as well as variations in shape 

characteristics before and after grain fragmentation in weathered phyllite grains. The key findings 

are summarized as follows: 

 

1. The crushing modes of weathered phyllite grains are categorized based on the grain size into 

three types: fracturing, splitting, and chipping. The corresponding force–displacement curves 

exhibited single-peak, double-peak, and multipeak patterns. The occurrence probability of 

these crushing modes followed the order of fracturing > splitting > chipping. In 300 tests 

conducted on the weathered phyllite grains, the proportions of the three crushing modes were 

51%, 27.7%, and 21.3%, respectively. 

 

2. The crushing strength of the weathered phyllite grains exhibited a satisfactory fit to the Weibull 

distribution. Specifically, the Weibull moduli for the three size groups (5–10, 10–20, and 20–

31.5 mm) were 2.769, 1.993, and 1.967, respectively. Notably, there is an inverse relationship 

between the grain size and the Weibull modulus, which suggests that the dispersion degree of 

the crushing strength in weathered phyllite particles increases with larger grain sizes. 

 

3. The crushing process of weathered phyllite grains exhibited a distinct size effect, with the 

crushing strength showing a tendency to decrease as the grain size increased. The average 

crushing strengths for the three different size groups were 16.01, 11.51, and 10.30 MPa, 

respectively. Furthermore, the characteristic strength decreased with an increase in the mean 

diameter, measuring at 16.89, 12.70, and 11.32 MPa, respectively. As a type of soft rock 

granular material, weathered phyllite demonstrated a size effect similar to that observed in 

other rock granular materials but is comparatively weaker than sandstone. 

 

4. The weathered phyllite grains with a flatter and slender morphology displayed more 

pronounced angularity and smoother particle surfaces, thereby favoring the fracturing mode. 

Conversely, they are susceptible to splitting and chipping modes. Comparatively, after 

crushing, the subgrains demonstrated reduced flattening but increased slenderness, angularity, 

and roughness. 

 

5.   Based on the aforementioned observations, it can be stated that most weathered phyllite grains 

exhibit a flat shape, with some classified as spherical and a small proportion displaying flake 

and cubic shapes. A smaller flatness ratio, elongation ratio, and inscribed circle sphericity are 

associated with greater convexity and an increased susceptibility to fracturing failure in 

weathered phyllite grains. Conversely, higher volume sphericity and lower regularity correlate 

with a greater tendency for splitting and chipping failures. The crushing strength of the 

weathered phyllite grains aligns well with the Weibull distribution. Notably, both the Weibull 

modulus and the dispersion of crushing strength increase with larger grain sizes. The crushing 

process reveals a distinct size effect, where both crushing strength and characteristic strength 

tend to decrease as grain size increases. After crushing, the flatness ratio of subgrains increases 

while the elongation ratio decreases overall; however, the grains maintain an elongated shape. 

The values of true sphericity, inscribed circle sphericity, and volume sphericity decrease, 

indicating a heightened angularity within the subgrains. Significant reductions in both 

convexity and regularity after crushing contribute to uneven fracture surfaces in the subgrains. 

Therefore, block particles with a high flatness ratio and low elongation ratio are recommended 

for use as roadbed filler. 
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