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Abstract. This study investigates the rheological behavior of soft spherical particles across the jamming tran-
sition and within both viscous and inertial flow regimes. We extend the established granular rheology for hard
sphere suspensions to develop a soft granular rheology by adjusting the critical volume fraction and friction
coefficient to account for pressure variations, and by incorporating the combined effects of viscous and iner-
tial stress scales. This framework effectively characterizes dense suspensions across a broad spectrum of sizes
and flow conditions, from colloidal to granular. The implications for suspension flow dynamics and sediment
transport processes are also explored.

1 Introduction

Understanding dense particulate systems [1–5], particu-
larly near the jamming transition from fluid-like to solid-
like states, presents significant challenges. Most research
has concentrated on hard grains, highlighting the neces-
sity to investigate soft particle systems, including colloids,
microgels, emulsions, micelles, foams, and soft granular
materials. These systems exhibit weak elasticity at rest
and low stress, transitioning to liquid-like behavior upon
surpassing a yield stress [6–8]. Unlike hard grains, soft
particles can jam at high concentrations but also unjam
and flow under shear. Previous studies have examined the
rheology near the jamming transition, revealing power-law
scalings indicative of critical behavior [9–16].

This paper surveys rheological studies of soft spheri-
cal particles across the jamming transition and within vis-
cous and inertial regimes. Utilizing hydrogel spheres (with
small but non-zero interparticle friction) suspended in flu-
ids of varying viscosity and a custom rheometer [17, 18],
we demonstrate that the soft particulate system can be de-
scribed by a soft granular rheology. This approach in-
volves renormalizing the critical volume fraction and fric-
tion coefficient to pressure-dependent values [15] and em-
ploying stress additivity across flow regimes [19–21]. The
soft granular rheology effectively captures the behavior on
both sides of the jamming transition, leading to an approx-
imate data collapse into two branches when scaled with the
distance to jamming [22]. Finally, we explore the potential
application of this rheology to novel flow dynamics, such
as bedload sediment transport.
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2 The soft granular rheology

The rheological response of a sheared particulate system
under confining pressure P is characterized by the effective
friction coefficient µ = τ/P (where τ is the shear stress)
and the packing fraction φ. In the inertial regime, these
quantities depend on I2 = ρpd2γ̇2/P [1], i.e. the ratio of
the inertial stress scale to the confining pressure, while in
the viscous regime, the relevant control parameter is J =
η f γ̇/P [17], i.e. the ratio of the viscous stress scale to the
confining pressure (where γ̇ is the shear rate, d and ρp are
the particle size and density, and η f is the fluid viscosity).
Unifying these regimes through stress additivity yields a
single dimensionless form J + αI2, where α is related to
the Stokes number at the viscous-inertial transition [19–
21]. Experimental findings indicate different values for α
related to φ and µ, reflecting the slower viscous-inertial
transition of shear stress compared to pressure [21].

Insights from hard-sphere suspensions [21] provide a
framework for analyzing the nonlinear rheology of soft-
sphere suspensions across the jamming transition [22].
The effects of particle softness resemble those of finite
pressures, leading to shifts in the jamming packing frac-
tion, φc, and minor adjustments in the effective friction
coefficient, µc. These corrections can be integrated into
a generalized soft granular rheology, maintaining the rhe-
ological function for φ and µ while retaining the values
of α from hard spheres. The pressure dependence of the
critical volume fraction and friction coefficient can be de-
scribed by power laws of the pressure (more precisely by
P that has been scaled by the Young’s modulus E of the
hydrogels) [15, 22].

This soft granular rheology encompasses the behavior
of non-Brownian soft particles across the jamming transi-
tion, accounting for yield stress above jamming, divergent

EPJ Web of Conferences 340, 02001 (2025)	 https://doi.org/10.1051/epjconf/202534002001
Powders & Grains 2025

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution  
License 4.0 (https://creativecommons.org/licenses/by/4.0/).



Figure 1. Collapse of the scaled (a) τ and (b) P against the scaled addition of stress scales with S̃ = (η f γ̇ + αφρpd2γ̇2)/E|1 − φ/φc(0)|Γ
using the critical exponents ∆ and Γ, for data collected in pressure- and volume-imposed rheometry. The values for φc(0) = φc( P

E = 0)
are close to ≈ 0.64 within ±5%.

ηf = 2.1 mPa s ηf = 91.0 mPa s
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Figure 2. Velocity profile over a long-exposure image of bedload transport experiment with hydrogels particles. (a) η f = 2.1 mPa s
with a flow input Q = 59.9 cm s−1 at t = 10 s and (b) η f = 91.0 mPa s with a flow input Q = 13.3 cm s−1 at t = 36 s.

viscosity below, and shear thinning near the transition.
The data collapse into two curves (above and below jam-
ming) when stresses and shear rates are scaled as power
laws of the distance to jamming as illustrated in figure 1.
The critical exponents are derived from the soft granular
rheology, with the upper branch approximating a general-
ized Herschel-Bulkley law and the lower branch behaving

as a power law, merging with the upper branch near the
jamming transition.

3 Application to bedload transport of soft
suspensions and concluding remarks

This work demonstrates that the granular rheology for hard
sphere suspensions can be extended to a soft granular rhe-

ology by renormalizing the critical volume fraction and
friction coefficient to pressure-dependent values and uti-
lizing the additivity of viscous and inertial stress scales.
The near-jamming collapse observed has been previously
noted in the viscous regime and is now shown to apply to
dense suspensions across the entire size and flow range.

These findings have practical implications for various
industries that utilize soft matter systems and for under-
standing geophysical flows involving complex materials.
To further investigate the potential applications of soft
granular rheology in different flow contexts, a novel flow
configuration is examined. This configuration involves a
sheared sediment bed of particles within a pressure-driven,
linear channel flow, as illustrated in figure 2. This question
has been examined for hard spherical particles in the vis-
cous regime [23–25] and is now extended to soft hydrogel
spheres in both the viscous and inertial flow regimes. The
rheology of the mobile layer can be described by the soft
granular rheology using the principle of the additivity of
the viscous and inertial stress scales.
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