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Fig. 1. (a) The rotating drum; (b) the experimental
particles.
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Table 1. The various properties of the experiment- mtditT = Z (Fg + th]) + Fz'gv (1)
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Fig. 2. (a) The original grayscale image; (b) the particles

identified by deep learning; (c) the coordinates of the iden-
tified particles; (d) the boundaries of the identified

particles.
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Fig. 4. (a) The temporal evolution of the angle of repose of the granular bed for 3 mm particles at a rotating drum speed of

1.2(°/s); (b) the corresponding temporal evolution for 3 mm particles at a rotating drum speed of 16 (°/s) .
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Fig. 5. (a) The relationship between A6 and rotational speed (2 for ABS material, with an enlarged view of the inflection point in

the upper right corner; (b) the relationship between A@ and rotational speed (2 for glass material, with an enlarged view of the in-

flection point in the upper right corner.
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Fig. 6. (a) The probability distribution of 3 mm particles at different rotational speeds; (b) the probability distribution of 4 mm

particles at different rotational speeds.
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Fig. 7. The relationship between AO/AOy and Fr* for
glass, with an inset showing the enlarged view of the inflec-

tion point.
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Continuous-flow transition in granular flow within
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Abstract

Flow-state transitions in granular materials constitute an important problem in nonequilibrium statistical
physics and granular physics, and are closely related to geophysical hazards such as landslides, snow avalanches,
and debris flows. In particular, the transition of a granular pile from intermittent collapse to continuous steady
flow is widely regarded as a key step in the initiation and evolution of many natural hazards. Although previous
studies have shown that this transition is governed by factors such as particle size, friction, shape, and
boundary conditions, the role of particle elastic modulus in modulating the transition threshold remains
insufficiently understood. In this work, we combine rotating-drum experiments and matched numerical
simulations to systematically investigate the transition from a hysteretic state to steady flow in monodisperse
granular systems by varying particle radius and material elastic modulus. By tuning the drum rotation rate and
employing high-speed imaging together with image-processing techniques, we extract key dynamical quantities
such as the free-surface inclination angle. Based on these measurements, we introduce a dimensionless

deformation parameter associated with differences in material modulus. We further propose a modified Froude
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number, denoted as Fr**, that explicitly incorporates elastic-modulus effects. Our results show that, for
systems with different particle sizes and elastic moduli, the transition thresholds are significantly scattered when
expressed in terms of the conventional Froude number. In contrast, when recast in terms of the modified Froude
number Fr** these thresholds collapse onto a single unified criterion. In other words, the transition from the
hysteretic regime to continuous steady flow can be described by a single dimensionless parameter that
simultaneously accounts for inertia, gravity, and elastic deformation. These findings demonstrate that particle
elasticity plays a systematic and quantifiable role in granular flow-state transitions. The proposed modified
criterion provides a foundation for establishing a unified predictive framework for critical conditions, improves
the practical applicability of hazard-threshold estimation, and provides experimental support for understanding
the nonequilibrium rheology and constitutive behavior of granular media.
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