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 A B S T R A C T

Shear localization and particle fragmentation in granular materials affect the friction behavior and mobility of 
catastrophic mass flows such as landslides and rock avalanches. However, existing studies commonly describe 
localization qualitatively or in 2D, limiting objective tracking of shear zone and micro–macro linkage to friction 
transitions. This study provides a microscopic mechanism to unravel how fragmentation and localization 
regulate granular friction. Combining ring shear experiments, X-ray computed tomography, and microstructure 
analysis, we systematically investigate the dynamic shear response of three contrasting granular materials, 
including crushable quartz sand, halite, and non-crushable glass beads, under controlled normal stresses, shear 
velocities, and displacements. The friction response follows a three-stage evolution featuring two distinct shear 
resistance peaks: an initial transient shear stage marked by force chain mobilization and early grain interlock-
ing, a strengthening stage driven by progressive compaction and limited fragmentation, and a weakening 
stage dominated by intense particle breakage, shear zone development, and the rolling of spheroidized fine 
grains. This evolution is quantitatively linked to particle-scale processes, enabling parameterization of the 
peak-to-residual transition for theoretical formulations and mobility prediction. This study further introduces 
a new analytical approach based on solid fraction fluctuations to characterize shear localization dynamics 
and to enable localized 3D breakage quantification. The results reveal that crushable materials exhibit rapid 
fragmentation and pronounced friction weakening, while non-crushable systems maintain a stable rolling-
dominated regime. These findings advance the understanding of how particle breakage, morphology, and 
localization interact to control granular rheology and support predictive modeling of dense granular flows 
in natural hazard contexts.
1. Introduction

Granular materials are ubiquitous in geological environments and 
constitute the primary components of many catastrophic mass flows 
including landslides, rock avalanches, and debris flows (Locat et al., 
2003; Baumberger and Caroli, 2006; Bian et al., 2024). These flows fre-
quently exhibit catastrophic ultramobility, achieving runout distances 
far exceeding predictions based on initial potential energy. Typical 
examples include the 2014 Oso landslide (Washington, USA), which 
traversed over 1 km in approximately two minutes, destroying 49 
structures and claiming 43 lives (Wartman et al., 2016), and the 
Aoraki/Mt. Cook rock avalanche (New Zealand), which transported 
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more than 7 million cubic meters of rock over 7 km within minutes 
(McSaveney and Davies, 2007; Dunning and Armitage, 2010). Dynamic 
fragmentation of granular material during long-runout motion is rec-
ognized as a key mechanism governing this catastrophic ultramobility. 
The continuous mechanical fragmentation of coarse grains into finer 
fractions that form lubricating layers within shear zones, fundamentally 
alters the flow rheology and enhances the overall mobility of rock 
avalanches (Furuki and Chigira, 2019; Cabrera and Estrada, 2021; 
Pudasaini et al., 2024). Proposed mechanisms for this ultramobility 
include thermal pressurization, acoustic fluidization, and dynamical 
fragmentation (Melosh, 1986; Brantut et al., 2008). In dense gran-
ular physics, the classic 𝜇(𝐼) rheology (Jop et al., 2006) explains 
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frictional reduction through a decreased inertial number as particles 
fragment and shrink. However, under high-stress confined shear, this 
rate-dependent frictional reduction is dynamically co-governed by lo-
calized structural reorganizations. Consequently, understanding the dy-
namic response of granular materials under varying shear conditions 
and how particle fragmentation influences shear resistance and mi-
crostructure is crucial for predicting disaster impacts and developing 
effective mitigation strategies.

The fragmentation process of granular material during shearing 
is governed by both extrinsic mechanical conditions (e.g., loading 
conditions, shear velocity, and loading history) and intrinsic material 
properties (e.g., initial fracturing, grain size, and mechanical charac-
teristics such as compressive strength, and fracture toughness) (Zhao 
et al., 2015). Fragmentation typically initiates at inherent flaws when 
the local yield strength is exceeded, leading to particle failure. This 
phenomenon is critically linked to the pronounced frictional weakening 
and enhanced mobility observed in catastrophic mass flows, such as 
long-runout landslides and seismic fault slip (Davies and McSaveney, 
2009; Jiang et al., 2016; Wang et al., 2021). However, while significant 
progress has been made in understanding granular shear response, 
critical limitations persist. Experimental studies using ring-shear de-
vices have demonstrated that fragmentation induced fines generation 
promotes weakening through powder lubrication in crushable mate-
rials (e.g., quartz sand), whereas non-crushable systems (e.g., glass 
beads) maintain stable strength via geometric rearrangement (De Paola 
et al., 2015; Green et al., 2015; Cai et al., 2019). Numerical simu-
lations have further revealed that the initial particle size distribution 
(PSD), loading rate, and stress conditions collectively regulate the 
dynamic fragmentation process (Wang and Wang, 2022; Du et al., 
2024). Theoretically, various constitutive models incorporating parti-
cle breakage have been developed to describe evolving mechanical 
properties (Einav, 2007; Collins-Craft et al., 2020; Tang et al., 2024; 
Wang et al., 2024). However, prevailing studies remain constrained by 
short shear displacements and low stress conditions, failing to replicate 
the intense, prolonged fragmentation and microstructural evolution 
characteristic of natural ultramobile flows. These limitations impede 
a mechanistic understanding of how progressive fragmentation gov-
erns the transition from peak strength to sustained weakening and 
ultimately controls flow mobility.

In many geophysical flows, shear deformation and particle frag-
mentation exhibit pronounced localization, and this behavior differs 
fundamentally from the globally fragmentation typically observed in 
conventional triaxial or compression tests. Sliding shear motion be-
comes concentrated in relatively narrow shear zones, with the dynamic 
evolution of these zones governing flow mobility and displacement (Fu-
ruki and Chigira, 2019; Kang et al., 2025). Consequently, shear lo-
calization and microstructural evolution in granular materials have 
long been points of research focus in fields such as landslide dy-
namics. Several researchers have observed the development of shear 
zones during slip processes by using advanced transparent shear boxes, 
combining optical and scanning electron microscopy (SEM) techniques 
to examine microstructural changes in thin sections of shear zones. 
For instance, Fukuoka et al. (2007) used a ring shear apparatus with 
a transparent shear box to directly observe the evolution of shear 
zones and granular material motion, Crosta et al. (2007) used pho-
tographic and optical techniques to describe particle segregation in 
post-avalanche deposits, and Wei et al. (2021) used optical microscopy 
to obtain two dimensional (2D) projected particle images in order to 
analyze particle fragmentation during shear. However, those studies 
were focused primarily on qualitative or 2D analyses, with limited 
research on the dynamically spatial variations of granular materi-
als, and in particular the quantification of shear affected areas was 
challenging. Recent advances in X-ray computed tomography (CT) 
have enabled non-destructive visualization of shear zone evolution, 
revealing local particle rearrangement and fracture patterns. Some 
2 
researchers have used CT scanning to investigate the grain-scale be-
havior of granular materials and the evolution of interparticle contact 
structures (Alikarami et al., 2015; Wang et al., 2022). However, despite 
these advancements, existing analyses often rely on bulk measurements 
that obscure localized deformation mechanisms, such as the forma-
tion of fine particle-rich shear interfaces observed in natural fault 
zones.

Furthermore, a critical gap persists in bridging microscale frag-
mentation dynamics to macroscale shear responses. First, conventional 
methods struggle to quantify real-time particle fragmentation and its 
spatial heterogeneity in shear zones. While discrete element model-
ing can simulate force-chain evolution, it often oversimplifies particle 
breakage criteria and fails to replicate the progressive rounding of fine 
particles observed experimentally (Du et al., 2024). Second, few labo-
ratory studies have tracked the evolution of sphericity during shearing, 
leaving the interactions among particle sphericity, lubrication by fines, 
and frictional transitions unresolved. Third, existing criteria for defin-
ing shear zone boundaries often oversimplify the interplay between 
particle fragmentation and shear localization. Traditional experimental 
techniques, such as optical strain mapping or post-slip grain size anal-
ysis struggle to capture the transient thickening or thinning of shear 
zones under high stress because of experimental hysteresis (Niemeijer 
and Spiers, 2007). Collectively, these limitations hinder the devel-
opment of constitutive models that can predict more accurately the 
dynamic transition from brittle fragmentation to fluidization.

The study reported herein integrates high-speed ring shear tests, CT 
visualization, and SEM in order to investigate the behavior of granular 
material systematically. Under controlled normal stress (50–400 kPa), 
shear velocity (0.001–0.1 m/s), and displacement (0.1–100 m), three 
distinct material types were examined: crushable quartz sand, highly 
friable halite, and non-crushable glass beads. One of the key contribu-
tions is the introduction of an in-situ 3D method based on solid fraction 
fluctuation, offering a viable avenue to estimate the steady shear-
affected zone and observe concurrent particle morphology changes. 
By correlating macroscopic friction with microstructural evolution, this 
study quantitatively reveals the transition from interlocking-dominated 
strengthening to fragmentation-driven weakening. This theoretical
mechanism bridges microscale fracture and macroscopic response, 
offering valuable insights into the ultramobility of catastrophic mass 
flows and informing predictive models for geological hazards.

2. Materials and methods

2.1. Granular materials

Dry, uniformly graded crushable quartz sand was selected as the 
primary material to investigate the effects of fragmentation on shear 
behavior. For comparative analysis, two contrasting materials were 
also tested: highly friable angular halite (NaCl) and glass beads that 
exhibit negligible breakage under the study’s conditions [Fig.  1(c–
e)]. All materials had an initial grain size of 1–2 mm (less than 10% 
of the sample dimension). This uniform sizing promotes significant 
fragmentation in the material and facilitates precise assessment of par-
ticle size variations. The quartz sand originated from rock weathering 
processes, including fracturing, transport, and erosion; it had a specific 
gravity of 2.66, a silicon dioxide (SiO2) content exceeding 99.6%, a 
compressive strength of 250 MPa, and a Mohs hardness of 7.5. Despite 
its high hardness and compressive strength, its angularity, low fracture 
toughness, and internal defects make it highly susceptible to shear-
induced fragmentation. In comparison, the glass beads (specific gravity 
of 2.52, compressive strength of 220 MPa, and Mohs hardness of 6–7) 
feature a spherical, homogeneous structure that effectively mitigates 
stress concentrations and resists breakage. It should be clarified that 
while not intended to simulate complex natural geomaterials, the glass 
beads serve as a standard, low-crushability reference to effectively 
isolate the specific impact of fragmentation on macroscopic frictional 
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Fig. 1. High-speed ring shear test: schematic of (a) particle flow and (b) ring shear test; (c) quartz sand, (d) glass beads, and (e) halite for testing.
weakening. The halite grains that were used as another test material, 
were a typical chemically deposited mineral with a specific gravity of 
2.1, and a Mohs hardness of 2–2.5, marking it a more readily crushable 
granular material.

2.2. Ring shear test

Ring shear tests are used widely to investigate the mechanical 
behavior of geomaterials during large-deformation shear processes, par-
ticularly the particle fragmentation characteristics of granular materials 
under long-distance shear [Fig.  1(a)]. The fundamental principle of 
the ring shear apparatus involves applying normal stress and torsional 
shear force to induce relative shearing along a fixed circumferential 
shear plane until a target state is reached, as shown schematically in 
Fig.  1(b). This study used the ICL-2 undrained high-speed ring shear 
apparatus, one of the most advanced ring shear systems developed in 
recent years [Fig.  2(a)]. The apparatus consists of a main ring shear ap-
paratus, control unit, computer systems, and a power supply box (Sassa 
et al., 2014). The components of the main ring shear apparatus are 
detailed in Fig.  2(b)–(g).

The main ring shear apparatus consists of upper and lower shear 
boxes. The contact interface of the shear boxes is lined with rubber 
edges, ensuring a sealed environment under conditions of high stress. 
The apparatus can apply a maximum normal stress of 1 MPa and 
achieve a maximum shear velocity of 0.5 m/s. The shear box has an 
outer diameter of 142 mm and an inner diameter of 100 mm, with 
a shear-participating sample height of 42 mm in this study and a 
maximum filling height of 50 mm. To ensure a uniform initial filling 
density, the sample with a given mass was divided into three layers 
and preliminarily compacted using a small tamper, with each layer 
approximately 14 mm thick. Before adding each successive layer, the 
surface of the previous layer was scraped to avoid artificial particle 
alignment and shear plane formation. The initial solid fraction 𝜂 of 
3 
the samples, defined as the ratio of the actual particle volume to total 
sample volume, was 0.54 and was maintained consistently across all 
tests. At the outset of the test, the samples were compacted further 
under the specified normal stress until the axial displacement stabilized. 
Next, the upper shear box remained stationary while the lower one ini-
tiated rotational shearing at the designated shear velocity, continuing 
until the target shear displacement was reached. To enhance clarity, 
a simple demonstration animation is provided in the Supplementary 
Material. For each test, data on normal stress, shear resistance, and 
axial and shear displacements were recorded for analysis into material 
responses under various loading conditions. This study examined four 
normal stress levels (50, 100, 200, and 400 kPa), three shear velocities 
(0.001, 0.01, and 0.1 m/s), and four shear displacements (0.1, 1, 10, 
and 100 m). The experimental conditions were designed to approximate 
the stress conditions inferred for sliding zones at depth. A detailed 
experimental scheme is provided in Table  1. The normal and shear 
stress measurements were corrected using the method proposed by Loi 
et al. (2023).

2.3. Microstructure observations

The sheared quartz sand mixtures were carefully collected using a 
small-scale industrial vacuum cleaner, after which the particle size dis-
tribution was analyzed with a laser particle analyzer, and the textures 
and surface characteristics of the fractured particles were examined 
via SEM. Furthermore, X-ray computed tomography (CT) was used in 
this study to track and visualize the evolution of particle fragmentation 
under different shear displacements. To preserve the intact structure of 
the quartz sand samples, a custom-made arc-shaped glass collector was 
designed independently. The collector has a height of 50 mm, inner 
and outer diameters of 100 mm and 142 mm, respectively, with an 
average arc length of 48 mm and radial thickness of 21 mm, precisely 
matching the shape enclosed by two adjacent serrations at the end of 
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Fig. 2. Undrained high-speed ring shear apparatus used in this study: (a) device composition; (b) lower shear box; (c) upper shear box; (d) sample setting process; 
(e) connection to normal stress loading system; (f) hanging frame for lifting of loading cap; (g) position of shearing plane during test.
the shear box. The detailed design content is shown in Fig. S1 of the 
Supplementary Material. Its thin-wall design minimizes elastic defor-
mation, allowing it to fit seamlessly within the annular shear box. The 
upper and lower surfaces of the collector are equipped with detachable 
acrylic sheets. Upon completion of the ring shear testing, the collector’s 
cutting edge was inserted into the quartz sand specimen, while excess 
material along the container periphery was gradually eliminated. This 
process ensured that the collector penetrated to the bottom of the shear 
box with minimal disturbance to the microstructure of the shear zone. 
For enhanced structural integrity, an epoxy resin adhesive (LOCTITE 
EA 9483) with high thermal conductivity was used for impregnation. 
Concurrently, to prevent adhesive clogging of the porous stone and 
drainage conduits at the shear box base, a polyethylene barrier film 
was pre-positioned at the bottom prior to sample installation. Post-
curing, the specimen assembly was secured with a glass cover plate 
and subjected to CT scanning at the central region using a GE Phoenix 
Nanotom S system for internal structural characterization. Each sample 
generated 1100-1300 CT slices with a spatial resolution of 25 μm. 
Prior to three-dimensional (3D) reconstruction, the raw CT images un-
derwent essential pre-processing, including noise filtering and contrast 
enhancement, to optimize image quality. Subsequently, a hybrid seg-
mentation approach combining the Otsu method with manual threshold 
adjustments was applied to accurately isolate the solid particles from 
the void spaces (Gao et al., 2024). Using these segmented slice data, 
3D reconstruction of the sheared samples was performed via volume 
4 
rendering, enabling the quantitative analysis of granular morphology 
parameters. The test procedures are illustrated in Fig.  3, and Table  1 
summarizes the specific details of the tests conducted.

3. Test results

3.1. General shear behavior

3.1.1. Effect of normal stresses
At a constant shear rate of 0.01 m/s, quartz sand was sheared up to 

100 m under varying normal stresses, and the mechanical response is 
detailed in Fig.  4. Given the discreteness of granular materials, the par-
ticle contact configurations evolve continuously throughout the shear 
process to accommodate shear deformation, leading to fluctuations in 
shear resistance. A reliable explanation is that the stress fluctuations 
within the particle system are attributed primarily to the fragmentation 
and reconstruction of internal force chains during the particle flow, as 
well as interparticle collisions (Jiang et al., 2016; Niu et al., 2024). 
At the onset of shearing, strong interlocking and friction between 
particles generate an initial peak in shear resistance, followed by a 
rapid decline (Wang and Huang, 2023), marking a transient stage. 
During steady state shear, the shear resistance increases with displace-
ment until reaching a maximum, after which it declines gradually to a 
relatively stable value. For clarity, the key shear resistance parameters 
are defined as follows [Fig.  4(a)]: 𝜏  and 𝜏  are the peak and residual 
p s
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Fig. 3. Representative unit sampling and microstructure visualization process.
Table 1
Summary of test details.
 Test Material Test conditions Number of 

samples
Corresponding 
standard or source

Test parameters  

 

Ring-shear test

Quartz sand Normal stress, 𝜎𝑛: 50, 100, 
200, 400 kPa; shear velocity,
v: 0.001, 0.01, 0.1 m/s; 
shear displacement, 𝛿𝑠: 0.1, 
1, 10, 100 m

11

Loi et al. (2023); 
ISO 17892-10 
(2018)

Test filling height: 42 mm; 
layered compaction, each 
layer thickness: 14 mm; 
initial solid fraction: 0.54

 

 Glass bead 𝜎𝑛: 50, 100, 200, 400 kPa;
v: 0.01 m/s; 𝛿𝑠: 100 m

4 Initial solid fraction: 0.57  

 Halite grain 𝜎𝑛: 50, 100, 200, 400 kPa;
v: 0.01 m/s; 𝛿𝑠: 100 m

4 Initial solid fraction: 0.56; 
Ambient temperature 20◦C, 
relative humidity 35%

 

 SEM test Quartz sand Mixed quartz fragments after 
shearing (𝜎𝑛: 200 kPa; v: 
0.01 m/s; 𝛿𝑠: 100 m)

3 Mitchell and Soga 
(2005); Zhang et al. 
(2020)

Accelerating voltage:3 kV; 
secondary electrons; 
magnification = 50×, 500×, 
1000×, 2000×

 

 X-CT test Quartz sand Local scans during shear 
displacements of 0.1, 1, 10, 
and 100 m (𝜎𝑛: 200 kPa; v: 
0.01 m/s)

4 Gao et al. (2024) Scanning voltage: 130 kV, 
current: 120 μA, resolution: 
26 μm, pixel volume: 26 μm; 
number of slices: 1100-1300

 

 Particle analysis 
test

Quartz sand Particle size analysis in the 
actual shear zone at during 
shear displacements of 0.1, 
1, 10, and 100 m (𝜎𝑛: 
200 kPa; v: 0.01 m/s)

4 ASTM D6913-04 
(2009); ISO 13320 
(2020)

Size overlap calibration: 
Sieve data (>75 μm) merged 
with laser data (<75 μm); 
Shaking duration: 15 min; 
Refractive index: 1.52 
(particle), 1.33 (water); 
ultrasonic dispersion

 

resistance in the transient stage, respectively, and 𝜏sp and 𝜏ss are the 
maximum and stabilized values in the steady state stage. Fig.  4(b) 
shows how the sample height varies with shear distance. The ratio of 
shear resistance to normal stress is defined as the friction coefficient 𝜇, 
and Fig.  4(c) shows how it evolves with displacement.

For the samples under low normal stress (𝜎n = 50 kPa), the fric-
tion coefficient 𝜇sp in the steady state stage declined gradually after 
reaching the maximum, stabilizing at 0.91 near a shear displacement 
of 30 m. Initially, the samples exhibited shear dilatation, but at large 
5 
displacements (𝛿s = 2 m), particle fragmentation led to a gradual 
reduction in dilatancy. In contrast, under high normal stress (𝜎n = 
400 kPa), a pronounced post-peak reduction in friction occurred, with 
the final 𝜇 stabilizing at 0.64. High normal stress effectively suppressed 
shear-induced dilation, causing continuous compression during steady 
shear (Dong et al., 2021). Variations in height change across samples 
reflect differing degrees of particle fragmentation under varying 𝜎n
(Fukuoka et al., 2007). Notably, Hu et al. (2022a) observed that quartz 
sand under high pressure (1 MPa) and shear velocity (1 m/s) exhibited 
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Fig. 4. Shear behavior of quartz sand under different normal stresses: variation of (a) shear resistance 𝜏, (b) normal displacement 𝛥n, and (c) friction coefficient 
𝜇 against shear displacement 𝛿s; (d) strength envelopes; (e) stress ratio, and (f) friction coefficient 𝜇 against normal stress 𝜎n. The shear velocity is 0.01 m/s, and 
the shear displacement is 100 m.
localized transitions from shrinkage to dilation in thickness, attributed 
to particle embedding and filling effects (Chang and Deng, 2017). How-
ever, this transition was localized and prolonged shearing ultimately 
led to overall contraction, consistent with this and prior studies.

Furthermore, from the test results, the characteristic values of the 
apparent friction angle 𝜙, shear ratio 𝜏ss/𝜏sp, and friction coefficient 𝜇
under transient and steady state conditions were calculated, as shown 
in Fig.  4(d)–(f). The apparent friction angle, defined by Sassa et al. 
(2014) as tan−1 (𝜏/𝜎), is a critical parameter for assessing landslide 
mobility. In this study, the peak friction angle 𝜙sp and steady state 
internal friction angle 𝜙ss of quartz sand were determined to be 37.0◦
and 33.0◦, respectively, having higher strength than spherical granular 
materials such as glass microspheres. The strength ratio, which reflects 
the extent of shear strength degradation from peak to steady state 
residual shear stress, is illustrated in Fig.  4(e). The results indicate 
that the stress ratio (𝜏s/𝜏p and 𝜏ss/𝜏sp) increases or remain relatively 
stable with normal stress, suggesting that higher normal stress results in 
reduced strength decay and a diminished tendency for sample dilation. 
This behavior is comparable to that of crushable calcareous sand but 
differs significantly from non-crushable glass beads, highlighting the 
role of particle breakage. As shown in Fig.  4(f), elevated normal stress 
yields lower friction coefficients and earlier peak strength attainment. 
This phenomenon likely results from enhanced particle fragmentation 
and fine particle generation.

3.1.2. Effect of shear rate
Fig.  5 presents shear test results for quartz sand under constant 

200 kPa normal stress at varying shear velocities (defined here as the 
macroscopic constant rotational velocity applied by the lower bound-
ary). The samples demonstrate relatively limited shear-rate sensitivity 
under these experimental conditions. Overall, the steady state shear 
resistance increases with the shear velocity. When the shear velocity 
increases from 0.001 to 0.1 m/s, 𝜏ss rises by approximately 14%. All 
samples exhibit consistent compaction trends after 0.4 m displacement, 
with final height variations maintained within 0.81 mm. The transient 
stage stress ratio 𝜏s/𝜏p decreases with shear rate, which is consistent 
with previous studies, while the steady-state ratio 𝜏s/𝜏p increases [Fig. 
5(c)]. Fig.  5(d) shows as the latter increases, 𝜇ss exhibits an increasing 
trend whereas 𝜇  decreases and then increases.
sp

6 
The shear-velocity dependence of granular friction has been a key 
focus in geological studies, particularly in research on landslides and 
faults (Kang et al., 2022). Comparative analysis in Fig.  5(d) reveals 
that the velocity-dependent transition point varies significantly across 
studies, attributable to disparities in experimental conditions such as 
particle composition, size distribution, initial packing fraction, and 
loading conditions. For instance, Gou et al. (2024) reported that par-
ticle friction generally exhibits an approximately M-shaped pattern 
across a broad range of shear velocity, characterized by including two 
velocity-strengthening and two velocity-weakening regimes. This trend 
is not prominent in the present study, possibly due to the limited vari-
ation in shear velocity under a given normal stress. It is hypothesized 
that velocity dependence is closely associated with extensive particle 
fragmentation and the resulting microstructural changes (Hu et al., 
2020), which are central to this study.

3.1.3. Effect of shear displacement
Four quartz sand shear tests were performed at 200 kPa normal 

stress and 0.01 m/s shear velocity. The tests varied only in shear dis-
placement (0.1 m, 1 m, 10 m and 100 m) to investigate the mechanism 
of particle fragmentation and the evolution of particle size distribution. 
As shown in Fig.  6(a), the shear resistance of the sample increases 
slightly with the progress of shear displacement. Corresponding vertical 
displacements [Fig.  6(b)], demonstrate continuous particle breakage 
across all displacements, although the rate of normal displacement 
increment decreases at larger displacements. Specifically, normal dis-
placement increases by 3.3 mm at 10 m shear displacement, but only an 
additional 2.63 mm (80% of the initial increment) when 𝛿s extends to 
100 m. This nonlinear relationship indicates progressively diminishing 
compaction with increasing shear displacement. Furthermore, based on 
Fig.  6(b), the variation in the solid fraction of the sample (defined as 
the ratio of the actual particle volume to the total sample volume) 
with shear displacement was calculated. As shown in Fig.  6(d), signifi-
cant particle crushing occurs predominantly during the early shearing 
stages, as evidenced by substantial sample shrinkage and a pronounced 
increase in the solid fraction. Regression analysis indicates that the 
solid fraction evolution follows an approximate logarithmic trend with 
shear distance. Similar findings have been reported by Li et al. (2024).
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Fig. 5. Shear behavior of quartz sand under differing shear velocity: variation of (a) friction coefficient 𝜇, and (b) normal displacement 𝛥n with shear displacement 
𝛿s; (c) stress ratio, and (d) characteristic friction coefficient 𝜇 with shear velocity vs. The normal stress is 200 kPa, and the shear displacement is 100 m.

Fig. 6. Effect of shear displacement on friction behavior: variation of (a) shear resistance 𝜏, (b) normal displacement 𝛥n, (c) friction coefficient 𝜇, and (d) solid 
fraction 𝜂 with shear displacement 𝛿s. The normal stress is 200 kPa, and the shear velocity is 0.01 m/s.
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Fig. 7. Microscopic evidence of particle fragmentation: (a) crushed quartz particles after sieving; (b) surface abrasion and residual scratches caused by particle 
interaction; (c) defects on surface of quartz debris; (d) adhesion of debris on surface of larger particles; (e) magnified view of adhered debris; (f) crushed 
fine-grained quartz; (g) cross-section of fractured particles; (h) fine-grained aggregate; (i) magnified view of (h).
3.2. Dynamic evolution of particle fragmentation

3.2.1. Microscopic observation
SEM analysis of sheared quartz sand reveals fragmentation patterns 

and interparticle interactions. Fig.  7(a) shows larger particles (approx-
imately 0.25–0.5 mm) sieved from the sheared sample. To enhance the 
visibility of morphological features such as sharp edges and surface tex-
tures, most fine particles were washed away. Local magnification in Fig. 
7(b) and (c) reveal varying degrees of wear and fracture marks, with 
clear scratches indicating sliding interactions between particles under 
high normal stress. Additionally, the presence of small pits resembling 
impact craters [Fig.  7(b)] hints that the granular flow may behave akin 
to a gas-like medium under high-speed shearing, where inter-particle 
interactions become predominantly collision-driven (Gou et al., 2024). 
The SEM analysis of smaller-sized quartz sand fragments provides fur-
ther insights into the fragmentation process. Fig.  7(d) clearly shows the 
fractured edges of larger quartz particles, demonstrating how extensive 
breakage leads to the generation of numerous small debris particles. 
Small debris adhering to larger particle surfaces, as shown in Fig. 
7(e), may influence the friction coefficient of the granular assembly. 
The presence of fine debris could have a lubricating effect, altering 
the mechanical response of the sample. Fig.  7(f) demonstrates that 
the angularity of the crushed particles is reduced, while the adhered 
debris increases surface roughness. This adhesion and filling of fine 
particles reduces porosity and promotes sample compaction, explaining 
the observed height changes during shearing.

In Fig.  7(g), a clear cross-section of a fractured quartz particle is ob-
served. The fracture process roughens the particle surface, with fracture 
steps and irregular features. Debris adhering to the fracture surfaces 
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may contribute to an uneven particle texture, potentially affecting 
particle flow stability. Agglomerates composed of quartz debris are also 
observed in Fig.  7(h) and (i). This small debris gathers or adheres to 
the surface of slightly larger particles, forming a wrapping or covering 
effect. This adhesion behavior may be facilitated by weak interparticle 
forces (e.g., electrostatic or van der Waals forces) generated during the 
shearing of dry particles (Hu et al., 2015). Such adhesion reduces the 
effective contact between large grains and reduces friction. Addition-
ally, weak connections between fine debris and larger particles may 
create a more fragile overall structure. This distinctive microstructural 
evolution explains the dynamic decrease in shear resistance observed 
after the peak residual strength during shearing [as shown in Fig. 
4(a)]. Simultaneously, the continuous process of particle fragmentation 
increases the population of fine grains that can directly interact with 
larger particles. The inclusion and lubrication effects of fine grains 
inhibit further fragmentation of large grains (Hu et al., 2022a), cre-
ating a self-limiting mechanism that accounts for the persistence of 
larger particles within the shear zone even after extensive shearing 
displacement.

3.2.2. Particle fragmentation microscopic visualization
To elucidate the particle-scale mechanisms underlying the macro-

scopic shear behavior, X-ray CT scans were performed systematically 
to capture the microstructural evolution at progressive shear displace-
ments (0.1, 1, 10, and 100 m). The initial grayscale images were 
adjusted for brightness and contrast to enhance the microstructural 
details, then a 3D visualization model was constructed based on the 
grayscale slices (Fig.  8). Initial fragmentation became detectable at 
0.1 m displacement, manifested as localized grain size reduction near 
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Fig. 8. Grayscale slice and visualization model of a representative quartz sand sample.
the shear plane while preserving angular coarse grains and open voids 
in upper/lower regions. Progressive shearing to 1 m displacement 
intensified the particle breakage near the shear plane, generating fine 
particles that accumulated in localized zones, creating heterogeneous 
density distributions. The filling of fine grains led to local densification, 
while most voids became concentrated in the upper shear zone because 
of shear-induced fragmentation and gravitational effects. The 10 m 
displacement stage exhibited comprehensive microstructural reorga-
nization, characterized by abundant fine particles enveloping larger 
grains and forming polycrystalline clusters that replaced direct coarse 
grain contacts. These tomographic observations demonstrate excellent 
correlation with SEM evidence of grain boundary fractures and sur-
face wear patterns. This slip displacement corresponds to the steady 
state shear maximum phase, where multiple discontinuous slip bands 
were observed in cross-sections. Under a normal stress of 200 kPa, 
frictional weakening initiated at approximately 10 m of displacement 
and then progressively stabilized (Fig.  6). As the 𝛿s approached the final 
100 m (Fig.  8), the granular structure showed limited further structural 
change, indicating it had essentially stabilized into a steady state con-
figuration. During this stage, particle fragmentation and redistribution 
asymptotically approached a limiting condition, with localized shear 
interfaces emerging as relatively continuous particle bands. The devel-
opment of shear interfaces signifies that particle friction had achieved 
maximal weakening and stabilized in the steady state (Chang et al., 
2024). Additionally, within the central shear zone, certain large grains 
remained intact, while those situated farther from the shear plane were 
significantly coarser than proximal grains, indicative of a graduated 
size distribution shaped by shear-induced sorting mechanisms.

4. Discussion

4.1. Determination of shear zone

As evidenced in Fig.  8, the shear zone remains finite despite pro-
gressive slip, consistent with prior studies (Fukuoka et al., 2007; Qan-
nadizadeh et al., 2022). Accurate quantification of this zone is essential 
9 
because particle breakage potential must be evaluated within the lo-
calized shearing region rather than the entire sample, particularly in 
experiments with variable filling heights. In previous studies, signifi-
cant discrepancies in PSD-based crushing potential have arisen because 
of methodological variations, including instrumentation differences, 
sample height inconsistencies, and divergent shear zone determina-
tion approaches. For instance, some studies have analyzed only grains 
smaller than the initial particle size, assuming that only fragmented 
particles contribute to grain size distribution, while overlooking the 
presence of larger grains at the shear interface. Conversely, studies 
that base grain size analysis on the entire sample were undoubtedly 
influenced by sample height and instrument limitations (Jiang et al., 
2017; Li et al., 2024), potentially underestimating the extent of particle 
fragmentation. To overcome these limitations, an integrated approach 
combining X-ray tomography with ring shear tests was developed 
in this study to assess the shear zone effectively, thereby enabling 
refined analysis of particle breakage potential. During long-distance 
shear, shear forces at the shear interface induce particle breakage, 
generating fine particles that progressively occupy intergranular voids. 
This process leads to densification, reduced porosity, and an increase 
in solid fraction. Although a minor thickness error caused by prolonged 
shear diffusion within the confined shear box cannot be entirely elim-
inated, the layer-by-layer distribution of local solid fraction remains a 
potentially viable indicator for characterizing the steady-state shear-
affected zone, with its spatial variation providing a quantitative basis 
for defining the shear zone boundaries. Based on CT scan results, the 
solid fraction distribution along the sample height was calculated, as 
shown in Fig.  9.

As the shear progresses, the initially uniform distribution of solid 
fraction 𝜂i becomes increasingly heterogeneous. The dashed line in 
Fig.  9 represents the sample-wide average solid fraction, which aligns 
closely with the results in Fig.  6(d). The minimal and negligible errors 
are attributed to the CT scan precision and compositional segmentation. 
At a shear displacement of 0.1 m, a slight increase in the solid fraction 
near the shear zone was recorded, with the maximum solid fraction 
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Fig. 9. Variation of solid fraction along sample height: shear displacement of (a) 0.1 m, (b) 1 m, (c) 10 m, and (d) 100 m. The hs and he are the upper and 
lower boundary heights of the shear-affected zone, respectively.
exceeding the average by 5.8%, further confirming that particle frag-
mentation initiates at small shear displacements. When 𝛿s = 10 m, a 
pronounced axial peak in the solid fraction emerged along the axial 
direction of the sample, with the maximum solid fraction reaching ap-
proximately 0.80, a 15% increase compared to the average. Following 
further shear to 100 m, a distinct shear interface developed, and the 
maximum solid fraction increased to 0.89. The fine particles gener-
ated via fragmentation effectively filled the surrounding voids, altering 
the sample structure. These findings support redefining the steady-
state shear-affected zone thickness (𝜉) through layer-wise solid fraction 
variations. Specifically, the shear-affected zone and undeformed zone 
can be delineated by comparing the deviation of the solid fraction 
from the dynamic statistical baseline across successive layers. The solid 
fraction fluctuation threshold (𝛥𝜂) is established based on the critical 
condition of material microstructure evolution. When the local solid 
fraction deviates from the baseline beyond this threshold, it signifies 
the onset of plastic deformation. This approach quantitatively corre-
lates shear-affected zone with micromechanical response, eliminating 
the subjectivity inherent in traditional empirical criteria. The actual 
shear-affected zone thickness is defined as: 
𝜉 = ℎs − ℎe (1)

where hs denotes the initial upper boundary height of the shear-affected 
zone from the sample top, and h  represents its lower boundary.
e
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The boundaries are determined by computing the average solid 
fraction of the first k layers as the shear-unaffected statistical base-
line, i.e., 𝛽k = 1

𝑘
∑𝑘
𝑖=1 𝜂i. A relative deviation threshold (𝛥𝜂 = 5%) 

is set as the critical value for significant particle fragmentation. This 
value was determined based on the average fluctuation observed in a 
typical unfractured impact zone. To verify its reliability, a sensitivity 
analysis using thresholds from 3% to 7% was conducted (seeing Fig. 
S3 of Supplementary Material). While absolute thickness values vary 
slightly with the threshold, the overall evolutionary trend remains 
highly consistent. The 5% threshold was ultimately selected because 
it optimally captures the boundaries and best aligns with direct visual 
observations from our preliminary tests using a transparent shear cell. 
Notably, this threshold may be influenced by factors such as mineral 
properties, material morphology, and bulk density. Nevertheless, it 
provides a unified, objective criterion to evaluate shear zone evolution 
for a given material, significantly reducing subjective human error. Sta-
tistical validation of this threshold across different materials represents 
an intriguing avenue for future research. A layer is classified within the 
shear-affected zone if its solid fraction satisfies ||𝜂i+1−𝛽i||𝛽i

≥ 0.05, with the 
last threshold-exceeding positions recorded as hs and he, respectively. 

ℎs =
{

ℎi+1
|

|

|

|

|

|

𝜂i+1−𝛽k ||
𝛽k

≥ 0.05
}

(2)

ℎ =
{

ℎ |

|𝜂 ≤ 𝛽
}

(3)
e j+1
|

j+1 k



H. Gao et al. Engineering Geology 369 (2026) 108813 
Fig. 10. Dynamic evolution of shear zone thickness 𝜉. 

where the layer-by-layer solid fraction 𝜂i is quantified via voxel count 
(particle-phase voxels/total voxels), while 𝛽k represents the sliding 
reference homogeneity, characterizing the statistical baseline.

As illustrated in Fig.  9(d), the actual shear zone is distinctly demar-
cated, beyond which particle fragmentation is negligible. The compu-
tational results exhibit strong agreement with the right rendered XZ 
slice image (Fig. S2 of Supplementary Material). This method yields a 
final shear zone of approximately 9 to 18 times the 𝑑50. This calcu-
lated range is highly consistent with the 10–20 𝑑50 range observed in 
classical geotechnical experiments (Tatsuoka et al., 1990; Sadrekarimi 
and Olson, 2010; Vangla and Latha, 2015), thereby validating the 
method’s efficacy. Fig.  10 illustrates the calculated height variation of 
quartz sand particle material and the evolution of shear-affected zone 
during shear deformation. As 𝛿s increases, the sample height decreases 
progressively, reflecting material densification. This process exhibits 
an approximately linear relationship with the logarithm of 𝛿s. The 
reduction in 𝜉 signifies the localization trend of shear deformation into 
a confined zone, driven by energy redistribution resulting from particle 
crushing, directional rearrangement, or internal frictional dissipation 
within the shear zone. At higher 𝛿s, the shear zone may reach a 
dynamic equilibrium state, with its thickness stabilizing, indicating 
microstructural reorganization and the establishment of steady state 
shear flow. Consequently, it should be emphasized that this threshold-
based identification method is more reliable during the steady-state 
shear phase, where the shear-affected zone is fully developed and 
structurally stable.

4.2. Localized fragmentation quantification

Shear deformation and particle fragmentation demonstrate distinct 
localization characteristics in ring shear tests, differing fundamentally 
from the global fragmentation mechanisms observed in conventional 
triaxial or compression tests. The strain concentration within narrow 
shear-affected zone renders conventional bulk particle analysis meth-
ods inadequate, as unbroken particles outside shear zone introduce a 
dilution effect that obscures the true fragmentation evolution patterns. 
This limitation systematically biases fragmentation assessments in ring 
shear testing and impedes understanding of microstructural changes 
within shear zone and their correlation with macroscopic mechanical 
responses. To address this, this study innovatively combined CT 3D 
reconstruction with quantitative shear-affected zone measurement, us-
ing spatial localization to eliminate interference from intact particles. 
This approach overcomes the limitations of conventional bulk analy-
sis while providing crucial experimental evidence for understanding 
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spatiotemporal fragmentation evolution and its role in shear strength 
degradation.

Using calculated actual shear-affected zone thickness, the quantifi-
cation and exclusion of all particles outside this zone were performed 
through equivalent calculations in subsequent analyses. Specifically, 
the volume of the unsheared region was determined. Given the uniform 
initial grain size and identical mineral density of the quartz sand, 
this volume was converted into an equivalent mass of intact particles, 
which was then subtracted from the coarse fraction of the bulk PSD. 
This methodology effectively minimizes sample size and instrument 
effects, revealing intrinsic material fragmentation behavior. Fig.  11(a) 
presents modified PSD results for quartz sand during progressive shear 
displacement. Increasing displacement shifts the PSD curves toward the 
upper left, indicating growing fine particle content and reduced coarse 
fractions, particularly for particles of 1 mm and greater in diameter. 
𝑑50 steadily declines from 1.3 mm initially to 0.37 mm after 100 m of 
shear displacement within the actual shear zone.

The relative breakage rate Br, proposed by Hardin (1985), was 
introduced to quantify granular material fragmentation, i.e., 
𝐵r = 𝐵t∕𝐵p (4)

where Bt is the actual total breakage ratio, quantified as the shaded area 
between initial and final PSD curves and the line of d = 0.075 mm; 
meanwhile, Bp denotes the potential breakage, corresponding to the 
area between the initial PSD curve and d = 0.075 mm, as illustrated in 
Fig.  11(c).

Fig.  11(d) presents the variation of Br with 𝛿s, along with com-
parative data for calcareous sands from previous studies (Coop et al., 
2004). As can be seen, Br increases logarithmically with 𝛿s, consistent 
with previous findings (Wang and Huang, 2023) despite experimental 
variations. Quartz sand exhibits minimal initial breakage (Br = 0.18 at 
0.1 m displacement), followed by rapid increase to Br = 0.58 at 10 m 
displacement, reflecting intense fragmentation. Beyond this point, the 
growth rate in Br diminishes due to shear interface formation and struc-
tural stabilization through frictional reorganization. To theoretically 
validate the subsequent diminishment in the breakage growth rate, 
the effective selection function was evaluated based on comminution 
theory (Artoni et al., 2017). As detailed in Fig.  11(b), the calculated 
selection function decreases continuously with shear displacement. This 
quantitatively confirms that as fine particles gradually accumulate, 
they form a structural matrix that buffers and protects the remaining 
coarse grains, thereby inhibiting further fragmentation. For calcareous 
sand, initial breakage occurs more rapidly, leading to earlier frictional 
weakening compared to quartz sand. This can be attributed to miner-
alogical factors, as calcareous sand consists of calcium carbonate-based 
grains, which generally exhibit lower angularity and higher friability 
than quartz sand. These characteristics promote a more abrupt and 
homogeneous fragmentation pattern under shear, whereas quartz sand, 
with its higher angularity, tends to experience more prolonged grain 
interlocking and gradual fragmentation. Furthermore, differences in 
particle shape may also contribute to variations in shear zone dynamics. 
Quartz particles, due to their greater hardness and angularity, tend to 
break into smaller, more angular fragments and may exhibit a more 
gradual frictional weakening.

4.3. Evolution of particle morphology

Recent advancements in particle characterization have shifted from 
conventional 2D analysis (size and content) to 3D analysis incorpo-
rating size, morphology, and content. This transition enables more 
comprehensive characterization of particulate systems. Herein, this 
study used visualization models that captures not only size and content 
variations from particle fragmentation but also morphological evolu-
tion through wear and abrasion processes. Research has shown that 
particle morphology significantly influences microstructure formation 
in dense granular flows (Hu et al., 2023; Shi et al., 2024). A key 
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Fig. 11. Particle fragmentation characteristics for quartz sand upon shear loading: (a) variations in PSD of quartz sand with 𝛿s; (b) estimate of the selection 
function S1 versus 𝛿s, where 𝜔1 is the surviving mass fraction of the initial coarse particles; (c) definition of relative breakage ratio; (d) variations in Br of quartz 
sand with 𝛿s.
morphological parameter is the sphericity 𝜓 , defined as the degree to 
which a particle’s shape approximates that of a sphere (Sezer et al., 
2008). Following the isoperimetric inequality, 𝜓 ranges from 0 to 1, 
where 𝜓 = 1 represents an ideal sphere. Both particle size distribution 
and sphericity fundamentally govern granular packing properties, in-
cluding compaction behavior, density, and rheological characteristics. 
The classical definition by Wadell (1932) expresses sphericity as: 

𝛹 =
𝑆n
𝑆

=
(36𝜋𝑉 2)

1
3

𝑆
(5)

where S is the actual surface area of the particle, Sn denotes the surface 
area of a volume-equivalent sphere, and V  is to the particle volume.

Because of imaging discretization, the estimation accuracy of sur-
face area decreases with fewer representing voxels. To avoid CT reso-
lution limits and the effect fine particle agglomeration, sphericity was 
analyzed statistically only for particles with an equivalent diameter 
greater than 0.25 mm. Fig.  12 reveals a gradual increase in overall 
sample sphericity with progressive shearing. Fine particles generated 
via fragmentation exhibit higher average sphericity compared to the 
parent particles; for instance, when 𝛿s = 100 m, the average sphericity 
of particles in the range of 0.25–0.5 mm reaches 0.842, an increase 
of 0.105 relative to the parent particles. This phenomenon reveals a 
coupled mechanism between particle fragmentation and morphologi-
cal evolution: first, stress concentrations promote preferential fracture 
along internal weak planes, producing fragments with geometries that 
approximate the equiaxed cleavage surfaces of the parent particles, 
thereby having a higher initial sphericity; second, because of the in-
creased specific surface area, fine particles are more likely to undergo 
rolling-dominated motion during continuous shearing, with their edges 
experiencing to more frequent friction and abrasion, which accelerates 
the mechanical exfoliation of surface micro-projections. This rounding 
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process is driven more by interactions among particles of varying sizes. 
Mirghasemi et al. (2002) and Cho et al. (2006) have confirmed that the 
reduction in particle angularity and roughness promotes lower shear 
strength and influences the evolution of stress-induced anisotropy. 
Consequently, during the shear of quartz sand, the increase in average 
sphericity further reduces interlocking at particle contact surfaces, 
potentially leading to lower peak and steady state shear strengths as 
well as reduced dilation. The above results show that not only does 
particle crushing reshape the material gradation through fine granu-
lation but also its accompanying rounding effect significantly affects 
the macroscopic mechanical response by reducing the bite between 
particles.

4.4. Microscopic mechanism

To elucidate the mechanical principles governing granular shear 
behavior, comparative experiments were conducted using halite and 
glass beads under identical loading conditions. The halite exhibited 
significantly higher fragmentation propensity than quartz sand, while 
the glass beads maintained negligible morphological and dimensional 
alterations after shearing. The experimental results for both materials 
are presented in Fig.  13. Similar to quartz sand, the halite displayed 
three characteristic frictional phases: initial transient response, friction 
strengthening, and strain softening to steady state. This triphasic behav-
ior aligns with observations in crushable geomaterials (Hu et al., 2022b; 
Chang et al., 2024). Additionally, higher normal stresses led to a more 
pronounced post-peak stress drop and a smaller shear displacement at 
peak stress, consistent with the quartz sand results in Fig.  4. Notably, 
the halite demonstrated unexpectedly limited normal displacement 
under high stress, which may be related to shear localization and 
the formation and extension of a well-defined shear plane (Chang 
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Fig. 12. Evolution of particle morphology: (a) sphericity variation with 𝛿s for entire particle group and individual size range; (b) several typical particle 
morphologies extracted from 3D visualization model, with the upper side showing the unbroken initial particles (high angularity) and the lower side showing 
the fine particles after shear crushing (relative high roundness).
et al., 2024). Conversely, the shear resistance of non-fragmenting glass 
beads remained relatively stable throughout the steady state shearing 
process, with minimal volume changes; this is attributable to their 
spherical geometry enabling strain accommodation through particle 
rolling, a low-energy deformation mechanism that minimizes frictional 
resistance and maintains volumetric stability. These comparative exper-
iments indicate that shear-induced fragmentation and spheroidization 
is the primary driver of the observed frictional transitions in crushable 
granular materials. Notably, quantitative PSD and Br analyses focused 
solely on quartz sand. For glass beads and halite, post-shear sieving 
analysis was practically unfeasible due to the negligible crushing ratio 
of glass beads (< 1%) and the rapid agglomeration and hardening of 
hygroscopic halite fines into crust-like aggregates.

The behavior of natural landslide materials is highly complex, as 
variations in discrete particle properties, sizes, and shapes significantly 
influence shear patterns and interactions, thereby affecting the evolu-
tion of frictional strength and instability. Although the idealized end-
member materials used herein (quartz sand, halite, and glass beads) do 
not fully replicate the mineralogical heterogeneity and broad gradation 
of actual landslide deposits, they effectively isolate the mechanical role 
of crushability. Consequently, while the specific threshold displace-
ments and absolute strength drops will inevitably vary for field-relevant 
materials containing clays or multi-mineral aggregates, the underlying 
dynamic transition from interlocking to comminution-driven fluidiza-
tion remains fundamentally applicable. In crushable materials, the 
dynamic decrease in shear resistance is considered to be directly related 
to the initiation and movement of landslides (Dieterich, 1978; Jiang 
et al., 2016). Based on the present analytical results, this study proposes 
a synergistic fragmentation–spheronization mechanism for crushable 
materials, providing a comprehensive explanation for the evolution of 
frictional behavior and microstructural changes. During long-distance 
shearing, the granular friction behavior exhibits a distinct three-stage 
evolution characterized by two shear resistance peaks (Fig.  14), driven 
by the dynamic coupling of particle fragmentation, morphological evo-
lution, and structural reorganization. These evolutionary stages are 
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demarcated by the critical peak states of the macroscopic friction 
coefficient, which directly mirror the underlying microstructural shifts. 
Note that here, Lt, Ls, and Lw are the characteristic slip lengths of these 
three phases, respectively (refer to Chang et al. (2024)). Lt is likely 
associated with the characteristic length over which initial force chains 
percolate or propagate through the granular material, reflecting the 
spatial extent of the force transmission network within the granular 
material; Ls represent the critical fragmentation thickness, marking the 
point at which fragmentation dominates the shear response, while Lw
could be interpreted as the characteristic width of the shear zone, 
indicating the extent of plastic deformation during shear.

The friction coefficient (𝜇) initially rises rapidly during the transient 
stage, reflecting the mobilization of interparticle contacts and the for-
mation of force chains (Jiang et al., 2016), until a local peak strength 
(𝜇p) is reached at a displacement 𝛿s = Lt. This initial peak corresponds 
to a metastable configuration of the granular skeleton, with minimal 
particle fragmentation and localized deformation (Stage I).

Following this, the system enters a strengthening stage, during 
which 𝜇 gradually increases toward a second, more stable peak value 
(𝜇sp). This stage is driven by progressive compaction, interlocking of 
angular particles, and enhanced force chain stability. Moderate frag-
mentation begins to occur, producing angular fragments that contribute 
to increased interparticle friction and dilation (Stages II–III). The dis-
placement at which this peak occurs is denoted 𝛿s = Ls, beyond which 
the shear resistance begins to decline.

The weakening process dominates the final stage, marked by a 
pronounced drop in 𝜇 beyond the peak (𝜇sp), eventually stabilizing at 
a residual strength (𝜇ss). This post-peak reduction in shear resistance 
arises from extensive particle fragmentation, formation of fine parti-
cles, and spheronization. The active shear zone becomes progressively 
thinner with accumulated strain, which is attributed to volumetric 
compaction and significant strain localization effects (Fukuoka et al., 
2007; Chang et al., 2024). Ultimately, this leads to the development 
of a localized, low-friction shear zone filled with rounded fragments 
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Fig. 13. Shear behavior of glass beads under different 𝜎n: variation of (a) shear resistance 𝜏, (b) normal displacement 𝛥n, and (c) friction coefficient 𝜇 against 
the shear displacement 𝛿s; shear behavior of halite under different 𝜎n: variation of (d) shear resistance 𝜏, (e) normal displacement 𝛥n, and (f) friction coefficient 
𝜇 against the shear displacement 𝛿s. The shear velocity is 0.01 m/s, and the shear displacement is 100 m.
(Stage IV). These fine particles act as lubricants, promoting particle 
rolling and suppressing interlocking, thus facilitating sustained shear 
at low resistance (Reches and Lockner, 2010; Chen et al., 2013).

This triphasic behavior underscores a synergistic interplay among 
particle crushing, morphological evolution, and strain localization. 
These observations provide a structural complement to the widely 
adopted 𝜇(𝐼) rheology (Jop et al., 2006). The dynamic frictional 
weakening is a synergistic outcome: shrinking particle size lowers the 
rheological inertial state, while increased sphericity and fines accumu-
lation physically lubricate the shear band. Consequently, incorporating 
structural state variables into rate-dependent models is a possible 
direction for improvement. Furthermore, these structural–frictional 
feedbacks provide a grain-scale micromechanical basis for the theoreti-
cal model used in macroscopic avalanche modeling. Nevertheless, given 
the inherent kinematic disparities between confined laboratory shear 
and unconfined natural flows, translating these insights into field-scale 
mobility predictions still requires careful calibration of boundary effects 
and complex flow regimes.
14 
5. Conclusions

In the study reported herein, the dynamic shear response and par-
ticle fragmentation mechanisms in granular materials under varying 
stress and shear conditions were investigated systematically via ring-
shear tests, X-ray microtomography, and microstructural analyses. The 
findings provide critical insights into shear zone evolution, frictional 
behavior, and grain-scale processes, with implications for understand-
ing catastrophic mass flows such as landslides and rock avalanches. The 
main conclusions are as follows:

(1) Higher normal stresses accelerate particle fragmentation and 
promote earlier steady state peak shear resistance, followed by sig-
nificant frictional weakening. This weakening is attributed to fine 
particle enrichment within the shear zone, which reduces interparticle 
interlocking and facilitates lubrication.

(2) A novel method based on solid fraction fluctuations was used 
to delineate quantitatively the shear-affected region, revealing that 
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Fig. 14. Conceptual model of synergistic particle fragmentation–spheronization mechanism.
fragmentation occurs predominantly within localized bands. This quan-
tification enables a more accurate evaluation of actual breakage ratios, 
and provides critical micro-macro linkages to explain shear strength 
degradation mechanisms in geophysical flows.

(3) Three stages of friction evolution were identified: a transient 
stage dominated by interparticle interlocking, a strengthening stage 
driven by fragmentation, and a subsequent frictional weakening stage 
governed by particle lubrication. The steady state shear behavior is 
dictated by a dynamic equilibrium between particle breakage and the 
rolling motion of fine grains.

(4) The proposed synergistic fragmentation–spheronization mech-
anism provides a comprehensive explanation to explain the mechani-
cal behaviors of crushable materials. This mechanism highlights how 
particle crushing degree, localized shear zone thinning and particle 
sphericity collectively control the transition from global load-bearing 
to localized fluidization. These findings highlight the critical influence 
of particle fragmentation on shear dynamics, with implications for 
modeling geophysical flows such as landslides and fault zone evolution 
under high-stress regimes.

It is worth noting that only dry particulate materials with a single 
initial particle size distribution were considered in this study. While 
such idealized reference materials are crucial for strictly isolating the 
fundamental mechanisms of fragmentation, future testing involving 
complex natural geomaterials is inevitably required to calibrate these 
findings for site applications. However, this manuscript represents the 
preliminary phase of our ongoing research. A clear understanding of 
the dominant roles of friction evolution and particle fragmentation–
spheronization is essential before further investigating key factors such 
as pore water pressure, polydisperse systems, and field validation.
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