
Vol.:(0123456789)1 3

Granular Matter           (2021) 23:73  
https://doi.org/10.1007/s10035-021-01134-1

ORIGINAL PAPER

Flow resistance in the transition from dense to dilute granular‑fluid 
flows

D. Song1,2,3  · G. G. D. Zhou1,2,4 · Q. Chen1,2

Received: 9 February 2021 / Accepted: 21 June 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Substantial research work has been focusing on the flow resistance of dense granular-fluid geophysical flows, e.g., debris 
flows. However, the mechanism of flow resistance as the dense debris flows transition to the dilute debris flow range (volu-
metric solid concentration 60% to 40%) remains an unsolved problem. Based on the accurate measurements of normal/shear 
stresses and pore fluid pressure at the flume base, we analyze the flow resistance of a series of controlled debris flow model 
tests, covering the flow regime from friction dominated to viscous/collisional dominated. We find that the flow resistance, 
excluding the Coulomb frictional component, can be well described by a visco-collisional scaling relationship. The solid–
fluid interaction in the dilute range would facilitate a quick rebalance against the gravity driven force in the transient flow 
condition. Finally, a heuristic model is proposed to unify the flow resistance for dense and dilute debris flows.

Keywords Granular-fluid flow · Debris flow · Flow resistance · Visco-collisional scaling · Coulomb friction

1 Introduction

The landslide driving forces under gravity are mainly coun-
terbalanced by the resistance at the bed. Basal resistance 
plays a key role in landslide dynamic evolution [1–3] and 
deposition morphology [4]. The underlying mechanisms for 
basal resistance are complicated and might not be unique 
for one specific landslide. In recent years, thermal effect 
[5, 6], velocity and material dependency [7, 8], and matric 
suction [9] have been recognized as mechanisms affecting 
the basal resistance of debris avalanches. Debris flows are 
water saturated granular-fluid mixtures with volumetric solid 
concentration higher than 40%. The solid–fluid interaction, 
i.e., viscous effect, grain friction and collision, as well as the 
induced changes in solid concentration and pore pressure, 

fundamentally govern the evolution of basal and internal 
resistance [10–14].

We summarize different flow resistance models with 
their underlining physical mechanisms under varying flow 
regimes (dry, two-phase, viscous, collisional, and turbulent, 
etc.) in Table 1. Most of the models recognized the contri-
bution of Coulomb friction and other additional effects to 
the flow resistance. The physics researchers [15–17] would 
combine Coulomb friction and other effects (particle colli-
sion or/and fluid viscous drag) into one single term. While 
the others [18–20] would regard the flow resistance as a 
simple superposition of both Coulomb friction and other 
effects (collision, turbulence, etc.).

Regardless of the additional viscous and collisional com-
ponents of flow resistance, the resistance of dense debris 
flow is dominated by the particle normal stress σn (effective 
stress in soil mechanics, defined as the difference between 
total normal stress σtot and pore pressure p, [14, 23]) which 
in form obeys the Coulomb friction law [24]. Yet, as dense 
debris flows (typical solid concentration around 60%) transi-
tion to moderate and dilute debris flows (with solid concen-
tration still higher than 40%, [12]), the particle normal stress 
diminishes. The dominant mechanisms behind the shear 
resistance in the dilute range are still not clearly understood 
[25]. The flow resistance may be purely due to viscous effect 
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as it is fully liquefied [12], or due to collisional forces medi-
ated by fluid [2, 26, 27], or a combination of both.

Owing to the poor mechanistic linkage between the 
causes and effects in field monitoring, experimental data is 
needed to discriminate between different physical mecha-
nisms. Through modelling and analysis of steady uniform 
submarine granular flows down an inclined plane, Cassar 
et al. [28] found that, for dense submarine granular flows, the 
role of viscous fluid is to change the time scale for a particle 
to rearrange into a hole (void). A Coulomb friction law with 
a coefficient of friction depending on the shear rate and fluid 
properties is proposed, which is further developed by Boyer 
et al. [16]. Kaitna et al. [29] directly measured the velocity 
profile of steady granular-fluid flows using a velocity probe 
(conductivity sensors) in a rotating drum. It is found that the 
coarse mixture composition and fines content can alter the 
velocity profile significantly. For the gravel-water mixtures, 
where the fluid effects are of minor importance, the veloc-
ity profiles are close to a Bagnoldian (inertial) or viscous 
scaling. The above experimental investigations focus on the 
dense granular-fluid flows. Research on the dilute granular-
fluid flows is still rare.

This paper reports accurate measurement of shear resist-
ance obtained synchronously with the normal stress and 
pore fluid pressure at the flume base of a series of controlled 
granular-fluid flow model tests. To focus on the transition 
from dense to dilute debris flows, the solid concentration is 
varied. The origin of shear resistance in dilute debris flows is 
elaborated and a heuristic model unifying the flow resistance 
of dense and dilute debris flows is proposed.

2  Experimental setup and material

2.1  2.1 Model setup and instrumentation

The experimental flume consists of a container at the 
upstream and a linear transportation zone (Fig. 1a). The 
width of flume is 300 mm. The bed is roughened by glu-
ing 0.6 mm diameter glass beads which is also used as the 
solid phase of the modelled debris flows. The inclination 
of the flume is kept constant at 20° in all the tests.

The normal and shear stresses are measured using a 
basal sensing module (triaxial load cell, LH-SZ-02, 
50 N, ± 0.1% BSL, see Fig. 1b, c) at the flume base, located 
1700 mm downstream of the container. The normal and 
shear stresses are calculated based on the measured force 
and the surface area of force plate. The measured normal 
and shear stresses reflect the reaction to all on-going shear 
processes (frictional, collisional, and viscous) integrated 
over the depth of flow. Different from the normal stress, 
the reliable measurement of shear stress remains a tech-
nical challenge which hinders further understanding of 
the development of shear resistance under transient flow 
condition. On one hand, the gap between the base plate 
and force plate (Fig. 1b) should be filled up to prevent 
jamming caused by the hard particles. On the other hand, 
the filling material must be soft enough as to provide neg-
ligible stiffness in the tangential direction [23]. During 
calibration of the basal sensing module, serious creeping 
effect was found for the soft gap-filling material, which 

Table 1  Flow resistance models under varying flow regimes

Flow regime Flow resistance model Key parameters Physical mechanisms Reference

Single phase; colloidal flow 1 𝜏 = 𝜏y + k�̇�n τ: flow resistance (shear 
stress); �̇� : shear rate; τy: 
yield stress;

k & n: constitutive param-
eters

Shear-thinning (n < 1) or 
shear-thickening (n > 1) 
with yield stress

Herschel–Bulkley model 
Acheson [21]

Dense granular flow 2 � = �(I)�n μ: dynamic friction coef-
ficient; σn: particle normal 
stress; I: inertial number

Coulomb friction with colli-
sion induced resistance

GDR MiDi [15]

3 𝜏 = 𝜇𝜎n + 𝜇’(I)�̇� μ’: dynamic friction coef-
ficient for collisional effect

Coulomb friction with colli-
sion induced resistance

Ancey and Evesque [18]

4 𝜏 = 𝜇𝜎n + c�̇�2 c: constant up to particle 
normal stress σn ~  104 Pa

Coulomb friction with colli-
sion induced resistance

Rauter et al. [19]

Dense granular-fluid flow 5 � = �(Iv)�n Iv: viscous number Coulomb friction with vis-
cosity induced resistance

Boyer et al. [16]

6 � = �(K)�n K: mixed dimensionless 
number

K = Iv + αI2

Coulomb friction with 
visco-collision induced 
resistance

Trulsson et al. [17]

Turbulent avalanche flow 7 � = ��n + �gv2∕� ρ: density of flow;
g: gravitational acceleration;
v: flow velocity;
ξ: turbulence coefficient

Coulomb friction with tur-
bulence induced resistance

Voellmy model Bartelt et al. 
[20, 22]
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would cause additional resistance on the dynamic loading 
and strong hysteresis on the cyclic loading. We solve this 
problem by covering the gap between the base plate and 
force plate with a very thin coating layer (Fig. 1b) with 
negligible stiffness. Separate calibration is conducted for 
the one with coating layer on the gap and the one without 
any coating layer. The calibration results show that there 
is less than 5% difference in the force coefficient (and thus 
the additional stiffness), denoting reliable measurement of 
the shear stress.

Pore fluid pressure is recorded using pore pressure trans-
ducer (PPT, OMEGA PX409-001G5V, 6.9 kPa, ± 0.08% 
BSL, Fig. 1b). The open end of the PPT is covered by a 
0.4 mm steel mesh, which isolates the pressure induced 
by the solid phase. Flow depth is measured using an ultra-
sonic sensor (BANNER U-GAGE T30UXUA, 0.1–1.0 m, 
resolution 0.1% of distance) right above the basal sens-
ing module (Fig. 1c). A high speed camera (PHONTRON 
FASTCAM Mini WX50) with resolution of 1280 × 1024 
pixels with combination of LED light illumination is set 
aside the flume. The frontal velocity is calculated based 
on the travel time of the flow front along a 0.15 m dis-
tance. Sampling rate of the whole data acquisition system 
is 500 Hz.

2.2  Test program and material

In terms of material properties, natural debris flows are 
characterized by a wide grain size distribution and a non-
Newtonian fluid rheology resulting from the inclusion of 
fine content into fluid phase. This study simplifies real 
debris flows as a suspension of mono-sized glass beads 
(0.6 mm, 2540 kg/m3 particle density) and Newtonian fluid 
(glycerol-water mixture). On one hand, without enough 
understanding on a simplified “debris flow”, it is pessimis-
tic to reveal the complicated mechanisms of natural debris 
flows. On the other hand, the simplification of debris flow 
facilitates the deterministic analysis of stress decomposi-
tion. The mono-sized solid phase bypasses the problems 
of determining the representative grain size for the calcu-
lation of collisional stress [2] and the mediation of shear 
resistance by grain-size segregation [30, 31]. Compared 
with well-graded natural debris material, mono-sized par-
ticles occupy a larger bulk volume and are featured with 
less compressibility. A dynamic friction coefficient of 0.56 
is adopted for glass beads. The use of a Newtonian fluid 
circumvents the difficulties related to finding a threshold 
particle diameter and appropriate viscosity for the slurry 
phase.

Fig. 1  a Flume setup and instrumentation. All units are in mm. b 
Basal sensing module for measurement of normal/shear stresses and 
pore pressure. Left: up side; right: bottom side. Gap between the base 

plate and force plate is covered by flexible membrane (coating layer) 
to prevent particles falling into. c Internal structure of the flume (with 
debris deposition on the flume bed)
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To investigate the dominant mechanisms responsible for 
the shear resistance in the transition from dense to mod-
erate and dilute debris flows, solid concentration is varied 
among 60%, 50%, and 40%. Fluid viscosity is varied among 
0.1 Pa·s, 0.05 Pa·s, 0.01 Pa·s, and 0.001 Pa·s (viscosity of 
water) to cover the typical range of real debris flow viscosity 
[32]. Changing the viscosity also helps to elucidate the con-
tribution of fluid viscous effect to the shear resistance. The 
test program used in this study is summarized in Table 2. 

In the container, the granular-fluid suspensions remain 
well-mixed by using a helical mixer. Rather than creating 
a steady state flow condition (i.e., constant flow depth and 
hydrostatic pore pressure) which is not feasible for the physi-
cal modelling, this study releases the debris material at a 
constant gate opening. By this approach, we investigate if 
the transient flows regain balance from the initial release 
through development of flow resistance.

3  Results and interpretation

3.1  3.1 Measured normal/shear stresses and pore 
pressures

Figure 2 shows the measured normal/shear stresses and 
pore pressures at the flume base for tests with 0.1 Pa·s fluid 
viscosity. Time zero denotes the release of debris material 
from the container. To remove the high-frequency fluctua-
tions, the pore pressure data is processed using the moving 
average method with an interval of 0.02 s. The flows with 
high solid concentration (60%) are characterized with low 
frontal velocities (e.g., 0.13 m/s for test 60–100), reach-
ing a steady discharge for more than 10 s. The measured 

normal stress, shear stress, pore fluid pressure, and flow 
depth are all steady within this period (Fig. 2a1,a2). While 
the moderate and low solid concentration (50% and 40%) 
flows are characterized with relatively high frontal veloci-
ties (e.g., 2.63 m/s for test 50–100 and 3.13 m/s for test 
40–100). The discharge and measured parameters vary 
quickly with time (Fig. 2b1–c2).

Previous experimental and numerical analyses usually 
assume that granular-fluid flows are in a steady state condi-
tion [28]. Under this assumption, the total normal stress σtot 
equals the bed-normal component ρghcosθ imposed by the 
bulk flow, and the shear stress τ equals the bed-tangential 
component ρghsinθ, where ρ is bulk density of flow (kg/
m3, Table 2), g is gravitational acceleration (9.81 m/s2), h is 
flow depth (m), and θ is slope inclination. In this study, the 
calculated normal stress ρghcosθ is close to the measured 
normal stress for all the tests, corroborating the accuracy in 
normal stress and flow depth measurement. The measured 
shear stress for test 60–100 matches the driving force (cal-
culated shear stress) ρghsinθ (Fig. 2a2). However, for test 
50–100, the shear stress curve is characterized by a sharp 
increase in shear resistance which may be caused by the tur-
bulence in the thin flow front. Right after the flow front has 
passed, the driving force (calculated shear stress) coincides 
with that of the measured stress (Fig. 2b2). This means that 
the developed flow resistance is in balance with that of grav-
ity driven force. Further decreasing the solid concentration 
to 40%, driving force ρghsinθ is higher than the measured 
value, implying that the flow is accelerating (Fig. 2c2). The 
trend in tests with 0.01 Pa·s viscosity (Fig. 3) is similar with 
those of 0.01 Pa·s viscosity (Fig. 2).

For dense granular-fluid flows, the friction induced 
by the particle normal stress σn (effective stress in soil 

Table 2  Test program and relevant flow regimes. Test ID “60–100” denotes test with 0.60 solid concentration and 0.1 Pas viscosity (100 times of 
water viscosity)

Due to the apparent solid–fluid segregation, test 40–1 is excluded from the calculation of flow regime

Test ID Solid con-
centration

Fluid density 
ρf (kg/m3)

Bulk density 
ρ (kg/m3)

Fluid viscos-
ity η (Pa·s)

Equivalent 
viscosity ηeq 
(Pa·s)

Stokes number St Bagnold 
number NB

Regime based on 
Courrech du Pont et al. 
[10]

60–100 0.6 1220 2010.6 0.1 21.6 0.04 0.07 Viscous
60–50 1205 2004.2 0.05 8.6 0.21 0.32 Viscous
60–10 1145 1979.6 0.01 2.0 2.39 3.58 Viscous
60–1 1000 1924.0 0.001 1.2 39.01 58.51 Inertial
50–100 0.5 1220 1878.2 0.1 3.5 0.77 0.77 Viscous
50–50 1205 1870.2 0.05 3.1 1.45 1.45 Viscous
50–10 1145 1839.4 0.01 1.1 12.78 12.78 Inertial
50–1 1000 1770.0 0.001 0.6 196.33 196.33 Inertial
40–100 0.4 1220 1745.8 0.1 1.9 0.88 0.59 Viscous
40–50 1205 1736.2 0.05 1.7 1.78 1.19 Viscous
40–10 1145 1699.2 0.01 0.7 13.37 8.91 Inertial
40–1 1000 1616.0 0.001 – – – Solid–fluid segregation
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mechanics, the difference between total normal stress σtot 
and pore pressure p) is regarded as the main source of 
shear resistance, and the experimental results support this. 
In tests 60–100 and 60–10, the ratio between measured 
shear and particle normal stresses, τ/σn = 0.81 and 0.68, 
are slightly higher than the dynamic friction coefficient 
of glass beads μ = 0.56 (Figs. 2a2 and 3a2). The random 
packing concentration of mono-sized spherical particles 

is around 60%. As the solid concentration reduces to 
50%, most particles lose contact with each other. For test 
50–100, pore pressure reaches up to 90% of the total nor-
mal stress, implying that the flow is almost liquefied and 
the granular structure is largely supported by the intersti-
tial pore fluid (Fig. 2b1). The ratio between measured shear 
and particle normal stresses (averaged over the period of 
steady particle normal stress), τ/σn = 4.44 >> 0.56, could 

a1 a2

b1 b2

c1 c2

Fig. 2  Measured and calculated stresses of tests with viscosity of 0.1 Pa·s: a1–a2 Normal and shear stresses of test 60–100 (60% solid concen-
tration and 0.1 Pa·s viscosity). b1–b2 Normal and shear stresses of test 50–100. c1–c2 Normal and shear stresses of test 40–100
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not be therefore attributed to the particle normal stress 
(Fig. 2b2). This ratio is much higher than that predicted 
by the rheology of dense granular flows and debris flows 
(around unity, [16, 17]). This is more so for test 40–100, 
where the flow is completely liquefied, resulting in an infi-
nite ratio, indicating the poor applicability of the dense 
granular flow rheology in the dilute debris flow range. It 

was previously suggested that the source of shear resist-
ance for dilute debris flows may come from grain collision 
[33, 34] or viscous effect [12]. Both mechanisms will be 
further investigated in the following sections.

a1
a2

b2b1

c1 c2

Fig. 3  Measured and calculated stresses of tests with viscosity of 0.01 Pa·s: a1–a2 Normal and shear stresses of test 60–10 (60% solid concen-
tration and 0.01 Pa·s viscosity). b1–b2 Normal and shear stresses of test 50–10. c1–c2 Normal and shear stresses of test 40–10
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3.2  3.2 Flow regimes

We adopt the approach proposed by Courrech du Pont et al. 
[10] in distinguishing the relative dominance of viscous or 
inertial (grain collision) effects. There exists three regimes—
free fall, inertial limit, and viscous limit—for granular flows 
in fluids. Each regime is characterized by the Stokes number 
and the density ratio. The Stokes number St defines the ratio 
of the grain inertia over the fluid viscous effect:

The density ratio is expressed as follows:

where ρs and ρf are the densities of the solid phase and fluid 
phase (kg/m3, Table 2), respectively; δ is representative par-
ticle diameter (m); η is dynamic viscosity of fluid (Pa·s); 
�̇� is the depth averaged shear rate (1/s); for a viscous flow 

(1)St =
𝜌s�̇�𝛿

2

𝜂

(2)r =

√

�s

�f

profile, �̇� = 3v∕2h , and for Bagnoldian (inertial) flow profile, 
�̇� = 5v∕3h , where v is flow velocity (m/s) and h is flow depth 
(m). For the determination of shear rate, a trial and error 
approach is adopted. The flow regime is first assumed to be 
viscous, and the calculated St is verified against the viscous 
regime in Fig. 4; otherwise, it falls into the inertial regime 
(Table 2) and the St should be recalculated. In this study, the 
density ratio only varies from 1.44 to 1.59. A third dimen-
sionless value, the particle Reynolds number Rep = St/r = 2.5, 
sets the boundary between grain inertial and viscous effects. 
In Fig. 4, only one representative data point for each test is 
adopted. For steady state flows (high solid concentration), 
the frontal velocity and flow depth from the steady period 
are adopted. For transient flows (moderate and low concen-
tration), frontal velocity and peak flow depth are adopted.

For the range of solid concentration and viscosity 
adopted in this study, experimental data points fall into 
either the fluid viscous or grain inertial regimes (Fig. 4 
and Table 2). With the variation in solid concentration 
and fluid viscosity, the modelled flows gradually tran-
sition from one regime to another. For natural viscous 
debris flows, solid particles follow the trajectory of the 
fluid phase, which usually happen in flows with high fine 
content and small particles (Fig. 5a). While, substantial 
velocity different exists between solid and fluid phases in 
inertial debris flows (Fig. 5b).

3.3  3.3 Flow resistance in dense and dilute debris 
flows

The influence of grain collision and viscous effects on the 
friction coefficient (μ = τ/σn) can be unified through the 
mixed dimensionless number K = Iv + αI2 [17], with vis-
cous number

inertial number

(3)Iv =
�̇�𝜂

𝜎n
Fig. 4  Flow regimes of modelled debris flows in the (St, r) space. 
Thresholds of Stokes number St, density ratio r, and particle Reyn-
olds number Rep are from Courrech du Pont et al. [10]

Fig. 5  a Typical viscous flow: 
debris flow front captured at 
DDFORS (Dongchuan Debris 
Flow Observation and Research 
Station) of Chinese Academy 
of Sciences. b Typical inertial 
flow: experimental debris flow 
in 1975 at Chemolgan test site 
[35]
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and α = 0.635 as deduced by Trulsson et al. [17]. As can 
be seen in Fig. 6, μ generally increases with the increase 
of K. As predicted by the rheology of dense granular-fluid 
flows, data points for 60% flows all well collapse into one 
curve around unity. While Data points for 50% flows are 
scattered and the values of friction coefficients are much 
higher than that predicted by the rheology of dense granular 
flows (around unity). Moreover, since the 40% solid concen-
tration flows are characterized by negligible or zero effective 
stress, the friction coefficient goes to infinity, indicating the 
poor applicability of the dense granular flow rheology in the 
dilute debris flow range.

Based on the granular kinetic theory, we further postulate 
that the shear resistance higher than the Coulomb friction 
originates from the collisional effects, with a mechanism dif-
ferent from the dense granular framework [36]. The kinetic 
theory for dry granular flow requires the estimation of the 
granular temperature T from the stress perspective or granu-
lar fluctuation energy from the energy perspective [37, 38], 
which is difficult to measure in physical experiments since 
tracking a single particle that is far from the sidewall is 
infeasible. Rauter et al. [19] proposed that the granular tem-
perature can be expressed as a function of the square of shear 
rate, T = f (�̇�2) . The total flow resistance can be expressed 
based on an extended kinetic theory which considers the 
Coulomb frictional contribution (if present) of the flow:

where c is approximated as a constant up to a particle normal 
stress σn of  104 Pa [19]. The term c�̇�2 bears a similar physical 
meaning as with the Bagnold dispersive stress 𝜌s�̇�2𝛿2 . For 
the granular-fluid flows in this study, we plot the Bagnold 

(4)I =
�̇�𝛿

√

𝜎n∕𝜌s

(5)𝜏 = 𝜇𝜎n + c�̇�2

stress 𝜌s�̇�2𝛿2 against the flow resistance excluding the Cou-
lomb frictional contribution τ-τC, where τC = μσn is the cal-
culated shear component from the particle normal stress σn 
and μ = 0.56 is dynamic friction coefficient of solid phase. 
Note both the Coulomb friction and collisional/viscous 
resistance could change according to the flow regime. In 
order to analyze the collisional/viscous resistance, we would 
preliminarily fix the dynamic friction coefficient μ as a con-
stant. As shown in Fig. 7a, nevertheless, the flow resistance 
τ–τC decreases with increasing Bagnold stress. Although 
scattered in a wide range, there is high correlation between 
the shear resistance and fluid viscosity, as shear resistance 
decreases proportionally with the deceasing fluid viscosity 
(Fig. 7a). This implies that both the viscous and collisional 
effects contribute to the flow resistance τ–τC.

The Bagnold number is further adopted to quantify the 
contribution of solid–fluid interaction to shear resistance. 
Bagnold number NB represents the relative importance 
between collisional and viscous effects [33, 39]:

where υs is volumetric solid concentration; ρs is density of 
solid phase (kg/m3); �̇� is depth averaged shear rate (1/s); δ 
is representative particle diameter (m); and η is dynamic 
viscosity of fluid (Pa·s). The dimensionless shear stress 
(τ-τC)ρsδ2/(λη2), proposed by Bagnold [39], is adopted to 
eliminate the influence of fluid viscosity η, where λ = υs/
(1-υs). Figure  7b shows the dimensionless shear stress 
(excluding the Coulomb friction component) over the full 
range of Bagnold number in logarithmic scale. Each experi-
mental data set collapses into one cluster, and the 15 cluster 
of data points of various viscosity and collisional stress now 
collapse into a single curve. Note that Bagnold number only 
differs from the Stokes number by a constant λ = υs/(1 − υs). 
When the same data points are plotted against the Stokes 
number, they do not perfectly collapse, reflecting the influ-
ence of solid concentration υs, and hence the state of dilution 
on the solid–fluid interaction and flow resistance.

4  Discussion

Special concern is raised on whether the measured param-
eters of unsteady flows could be used to extract the law of 
flow resistance. Especially, for experimental study without 
basal shear stress measurement, a steady state has to be 
reached, so that the basal resistance gets balanced by the 
gravity component along the slope (see Cassar et al. [28]). 
On the contrary, the measured basal shear stresses in this 
study is an instant reflection of the basal resistance and flow 
regime, no matter the flow is steady or not. Thus, a lumped 

(6)NB =

[

𝜐s

1 − 𝜐s

]

𝜌s�̇�𝛿
2

𝜂

Fig. 6  Relationship between friction coefficient μ and the mixed 
dimensionless number K 
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analysis, without consideration of the temporal variation of 
the unsteady flow, provides more realistic data for the basal 
resistance. For comparison, plot with representative data 
points is also shown in Fig. 7c. From Fig. 7b and c, although 
with slightly different fitting values, it is apparent that the 
law of basal resistance is not affected by the unsteady prop-
erty of debris flow.

Half of the tests fall into the viscous flow regime (Fig. 4), 
which means that fluid viscous drag may be the major com-
ponent of flow resistance. Take test 50–100 as an example, 
the particle friction in test 50–100 is already pretty weak 
(Fig. 2b2). However, the back calculated equivalent viscos-
ity 𝜂eq = (𝜏 − 𝜏C)∕�̇� for the viscous flow cases are all much 
higher than the viscosity of pure fluid η (see Table 2). In fact, 
the macro-viscous regime named by Bagnold [39] implicitly 
includes the effect of solid particles on the viscous effect. On 
the other hand, for the flows in the collisional regime, for tests 
50–10 and 50–1, the Bagnold collisional stress is still nega-
tively correlated to the shear resistance τ-τC (Fig. 7a), denoting 
the nontrivial effect of pore fluid in the collisional regime. The 
complex visco-collisional interaction can be well described by 
the Bagnold scaling (Fig. 7b).

The experimental finding presented here also has implica-
tions to numerical simulation [40, 41] of debris flows and rel-
evant geophysical flows. As dense debris flows reduce to dilute 
debris flows, the particle normal stress diminishes and the flow 
becomes liquefied. In many cases, numerical models which 
consider frictional and pure fluid viscous resistances, degrade 
to viscous fluid models [12]. However, the experimental flows 
in this study are observed to display balance against gravity-
driven forces through visco-collisional effects. Numerical 
models aiming to describe the wide spectrum of geophysical 
flows, including dense-dilute debris flows, debris floods, etc., 
should take visco-collisional interaction into account.

The rheological model for dense granular-fluid flows [16, 
17] only applies to the 60% solid concentration flows, where 
the friction effect dominates (reflected by the substantial par-
ticle normal stress in Figs. 2a1 and 3a1); while viscous and 
collisional effects remain secondary contributions to the flow 
resistance. As the grain contact friction (particle normal stress) 
vanishes with the decrease of solid concentration, the viscous/
collisional stresses take over to become the main mechanisms 
of solid–fluid interaction. A flow resistance model that can 
cover a wide spectrum of flow regimes thus should reflect the 
friction-dominated effect for dense debris flows and visco-
collisional effect which is dominant in dilute debris flows. As 
inspired by Rauter et al. [19], who extended the kinetic theory 
to a function of both frictional and collisional effects (Eq. 3), 
we propose that the flow resistance expression for granular-
fluid flows should include the contribution of both frictional 
(if present) and visco-collisional forces. Based on the experi-
mental findings featured in Fig. 7b and c, a unified heuristic 
model of the shear resistance for dense and dilute debris flows 
can be expressed as follows:

where a and b are dimensionless constants; a = 67.2 and 
b = 1.14 based on Fig. 7b. The value of b lies within the 

(7)� = ��n + a
��2

�s�
2
Nb
B

Fig. 7  a Relationship between the Bagnold collisional stress 𝜌s�̇�2𝛿2 
and shear resistance τ−τC excluding the Coulomb frictional compo-
nent. b Collapse of data points into a single curve after adopting the 
Bagnold number NB. c Plot of b using the representative data points
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range of viscous shear stress ( ̇𝛾b𝜂 with b = 1) and Bagnold 
dispersive stress ( 𝜌s�̇�b�̇�2 with b = 2), implying the joint 
contribution of viscous and collisional effects to the shear 
resistance.

The Bagnold number can be further substituted into 
Eq. (7) and the depth averaged shear rate �̇� can be estimated 
from the flow velocity v and depth h. Equation (7) can finally 
be rewritten as follows:

where χ is a constant related with material properties (par-
ticle density, particle diameter, and fluid viscosity); λ = υs/
(1-υs) is related to the solid concentration υs; β is a factor for 
velocity profile, β = 3/2 for viscous profile, β = 5/3 for Bag-
noldian (inertial) profile. This expression is similar to the 
Voellmy rheological model (Table 1) where additional flow 
resistance comes from the square of the velocity v2. Rather 
than the turbulent effects in the Voellmy model, the addi-
tional flow resistance in Eq. (8) originates from the visco-
collisional effect of solid–fluid interaction. Another key 
difference of Eq. (8) from the Voellmy model is the inverse 
dependency on the flow height h, and this would lower the 
modelled stress value [19]. Flows with thicker flow depth 
would result in lower stress value, and this in turn enhances 
the flow velocity and flow volume. As for water-saturated 
debris flows, on one hand, a thicker flow depth facilitates 
the maintenance of excess pore pressure by elongating the 
time of pore pressure dissipation [11, 13], thus reduces the 
particle normal stress in the first term of right hand side 
of Eq. (8). On the other hand, it limits the rate-dependent 
visco-collisional contribution to the shear resistance in the 
second term.

5  Conclusions

A wide spectrum of geophysical flows exist with the varia-
tion of volumetric solid concentration, from saturated dense 
debris flow to dilute debris flow, debris flood, and then sed-
iment-laden flow. Current research mainly focuses on the 
flow behaviors (rheology) at the two sides of the spectrum. 
However, much are not clear about behavior for the flows 
in between. Based on the accurate measurements of shear 
stress, this study analyzes the flow resistance ranging from 
friction dominated to viscous/collisional dominated flows. 
The rheological model for dense granular-fluid flows, whose 
principal mechanism for shear resistance and energy dis-
sipation is the particle normal stress, has poor applicability 
to dilute debris flows. Despite fully liquefied in the dilute 
debris flows, both the solid and fluid phases contribute to the 
bulk flow forces. The flow resistance excluding the Coulomb 

(8)� = ��n + ��b+1�b
(

v

h

)b

frictional component can be well described by a visco-colli-
sional scaling relationship. As a compensating mechanism 
of this visco-collisional effect, the apparent flow resistance 
of dilute debris flows remains nontrivial. However, due to 
lacking of accurate measurement on the shear stress, this 
nontrivial flow resistance is usually incorrectly attributed to 
the frictional effect.

A heuristic model is further proposed to unify the flow 
resistance of dense and dilute debris flows. Currently, the 
numerical prediction for dilute debris flows would adopt the 
rheology of pure fluid, since the flows remain fully lique-
fied and no particle normal stresses (effective stress) exist. 
Numerical simulation with consideration of visco-collisional 
resistance shall see the difference in modelling landslide 
dynamic evolution, basal erosion, mobility, and related haz-
ard mapping.
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