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Example: Mudslides and debris flows
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lligraben, Switzerland

1. Triggered by high-intensity rainfall events
2. Mobilisation of large amounts of sediments
3. Risk will increase due to climate change

(cf. flooding in the Ahr valley, Germany, 2021)
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Shear thickening behavior

Seudop\astic
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Shear stress (t) [Pa]

Toughmudder.org.

River of flowing rocks at Terrible Gully (Canterbury, New Zealand) in 2018

.delish.com

www.en.wikipedia.org

‘Y [e-1
-> Rheology: study of the flow and deformation of matter shear rate by [571

- How does the sediment load alter the flow behavior of a river?
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Classical rheometry studies

Two constitutive model frameworks exist for neutrally buoyant particles:

Volume-imposed Pressure-imposed
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[Guazzelli & Pouliquen, JFM, 2018]
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Classical rheometry studies

Two constitutive model frameworks exist:

Volume-imposed Pressure-imposed with sediment transport

pp-..Submerged granular weight
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Rheology of a fluid/particle mixture

Two constitutive model frameworks exist:
Volume-imposed Pressure-imposed

Effective viscosity (stickel and Powell, 2005y  Macroscopic friction coefficient (goyer et al. 2011)
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£ =@y 2 r=ulmy
ou ==
Pp = Mn (¢)nf ay V$hergb(])
| _ nrow/9y
Pp
- Non-dimensional flow curve

If we can directly measure: r... total shear stress

du/dy, ¢, T, Py p, ... granular pressure (weight)
ns... sShear viscosity
Nn ... hormal viscosity

Then we can use the above relations to calculate .. fuid shear rate
Ns» Mo ]' H ¢ ... particle volume fraction
J... non-dimensional shear-rate
U ... macroscopic friction
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Euler-Lagrange particle flows

Basic Fluid Solver

du |
E-I_ V- (uu) +;|7p =vV°u + fq
Fully-resolved uhimann, 2005]

—> Particle larger than grid cell size

Lagrangian mesh (red markers) and
Eulerian mesh (black lines)

Immersed Boundary Method (IBM)

Hydrodynamic buoyancy Collision/
contact

forces
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Euler-Lagrange particle flows

Basic Fluid Solver Collision model for non-cohesive sediment
Jdu 1 [Biegert, Vowinckel & Meiburg, JCP, 2017]

. —_— — 2 . .
g TV (uw+ D VP = vVu+ tarag - Excellent agreement with experiments

Fully-resolved uhimann, 2005]
-> Particle larger than grid cell size

‘0 Gond‘ret et al. |
present
Lagrangian mesh (red markers) and
Eulerian mesh (black lines) 0.5}
Al
Immersed Boundary Method (IBM) s
my, _dt =r, (Pp Pf) »S c 01
L L {1 ol
Hydrodynamic ~ buoyancy Collision/ oul
forces contact 03
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Simulation setup [Vowinckel et al., JFM, 2022]

Up [ Uref

. 1.00

- 0.75

l— 0.50

. 0.25

l 0.00

Number of particles: 4339

Galileo number Ga = v;* [p'gD;: 0.85

Pp/ Py 2.1
D, /Ax: 25.6
Initial he/D,,: 10

Boundary conditions:
—> periodic (x); no-slip (y); periodic (z)

y
o
{ Similar to experimental setup of
Lo % Ly x L, = 20D, x 30D ><10D Aussillous et al. [JFM 2013]
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Experiments by Aussillous et al. (JFM, 2013)

.
EECA . 3 '

Brinkman equation:
op/ ot/ g

- — 1P —
ax oz TxW-u)=0

Momentum equation for the mixture

op’
() + v/ (2) = Tf(hp) — E(hp — 7)

where
au
7 =1 (3;)
Ne\ 4,
TP = up?
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Rheology of mobile sediment beds

Pressure driven flow u(J)-rheology: macroscopic friction u = 7/p,
3.0 Te

experiments: Borosilicate r-[)l]f'l'('rx

14 experiments: PMMA spheres

<1 Boyer et al. (2011): PS spheres
23 ) 12+ B> Bover et al. (2011): PMMA spheres
¢  Dagois-Bohy et al. (2015); PS spheres

Tapia et al. (2019): PS spheres SR

Tapia et al. (2019): PS spheres HR

e simulations: run ReS

:lj 8 . simulations: run Rel7
~— . simulations: run Re33 0
3.

Correlation Bover et al. (2011)

== Correlation Morris & Boulay (1999) )

(NN

« Shear-thickening of the suspension
« Good agreement with experimental results
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Rheology of mobile sediment beds

- Presgure drlven flow u(])-rheology: macroscopic friction ﬂ= /P,
141 : \
2.0} - :
e simulations: run ReS # 5 :L
&) ] ®  simulations: run RelT F‘ _r“,
i _ o simulations: run Re33 L h.{}
3— . Correlation Bover et al. (2011) 7
0] - Correlation Morris & Boulay (1999)
4_
9.

1075 1073 1071
] = nf)}/pp

« Shear-thickening of the suspension
« Good agreement with experimental results
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Rheology of mobile sediment beds
. Pressure driven flow

u(J)-rheology: particle v

olume fraction
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Shear-thickening of the suspension

Good agreement with experimental results
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Effective viscosities

(a) 10% (b) 10°
| ¢ simulations: run Re8 -
105_ e simulations: run Rel7 5 100_
E *  simmlations: run Re33
] Correlation Bover et al. (2011) 4
{ === Correlation Morris & Boulay (1999) 10 ]
10%
| 10%;
2108, < 107
] 101
102
10
] 10—1
; []_ : . . . : 1N—2172 , : : ;
i 0.2 0.4 0.6 0.8 1.0 " 0.2 0.4 0.8 1.0

0.6
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 Difficulty to extrapolate to sediment transport layer (large J and low ¢)
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1

Relative stress contributions

16 Particle contact stress
107
Effective 1
Viscosity10 _H drod , Einstein relation
N ydrodynamic stress no=1+ g &
100 g v s A R T e e o Clear ﬂu1d VlSCOSlty

10~ ia) | | | |
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Particle volume fraction ¢

Two different regimes

» dense regime (contact) versus dilute (hydrodynamics)

—> transition at ¢=0.3

dense regime > classical empirical correlations for rheometry hold
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Relative stress contributions

Particle contact stress

103-E
I Comparison to rheometer
i | study by Gallier et al. (2014):
-4 contact Gallier et al. (2014)
1 =4 hydrodynamic Gallier ef al. (2014)
Effective -

viscosity ' 1 Hudrod , o Einstein relation
: roaynamic stress o & 5
T’S | y y SR e 775:1+5¢

g — 7 Clear fluid viscosity

107! .
0 0.1 0.2 0.3 0.4 0.5 0.6

Particle volume fraction ¢

Dilute regime:
* hydrodynamic interactions are screened by the porous medium

« scaling with the Einstein relation
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Rheology of sediment beds

« Coupled Lattice-Boltzmann (LB)-Discrete-Element-Method (DEM)
- What is the role of polydispersity?

- What happens at very low shear rates?
» Analogy to sediment beds in rivers and soils on a hillslope

[Rettinger,...,Vowinckel, JFM, 2022]
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Experiments of Houssais et al. (PRE, 2016)

Camera

(a)

* Annular cell
* Couette flow
« Monodisperse sediment = pressure imposed rheometry
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Focus on polydispersity
Mono: Dy, ;max /Dpmin=1.15 Poly-10: D, ;max /Dpmin=3.43
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Comparison case Mono

¢ data Boyer er al. = coefficients Boyer er al.
® data Houssais et al. =+ coefficients Houssais et al.
O  data present simulation ==+ coefficients Morris & Boulay
10°
M2 — 1/2
2 )=y +——+a,J'“+b,J
2 | KU = sk - [
10 7 hydrodynamics
% friction
10° ® ooy
. _—
10 @ @@ e
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Effects of polydispersity: particle volume fraction

0.7 ¢m
¢() = —F—
- 14+ .K,]
0.5
o 0.4
0 |dea:
| * Infer ¢,, from the data
0.2 « Fit Boyer model to rheology data
- to determine parameter K,,
| » Express K,, as a function of ¢,,
0.0 '
10-° 1073 107! 101 10?
- ¢,, increases with polydispersity

1072 1077

J
- Very good agreement of the
calibrated models
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Effects of polydispersity: macroscopic friction

—— oo _ 2 — M 1/2
10! H— po1y-10 u(J) =y + %7,/ +dlyd 4 bgd
—— poly-50
L poly 100 7 hydrodynamics
poLy- friction

3 10°
|dea:

« Fit Boyer model to rheology data

to determine parameters u;, i, /¢
» EXxpress uy, U, as a function of ¢,,
* Jr constant

J - Very good agreement for j > 107°
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Extension to creep

10* 10t

10° < 107

10° 10

1077 105 1073 10" 10° 1079 ie 1073 109 10
if J
data Houssais et al.
data present simulation _ M1 — Mo M2 — é 1/2 Extended
coefticients Boyer ef al. M(J) = Ho+ 1 + J. /] i) 14 Jf /_] * 2(bmJ Fol Creep
coeflicients Houssais ef ¢ ~~ | S — Rheol ogy
Best it (original) cree friction/ hydro-
Best fit (with creep) p y . MOdel
contact dynamics (ECRM)
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Work in progress: rheometer simulations

« Setup according to Tapia et
al. (2022)

LoloP)
N -7k4 v 4
_ L ASINIRIRINIRNN NN
T YA DA S VRGBS
o) o
hi]°, oo
l/o e 2 @®

Particle volume fraction
¢ = 0.52

Stokes number

DZ
| | | st="Y_—909
[Konidena, Khodabakhshi, & Vowinckel, 2022] Ur
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Summary and conclusions

Shear thickening behavior

« ¢ > 0.3: Dense regime > contact stresses dominate =->empirical correlation

* ¢ < 0.3: Dilute regime - hydrodynamic stresses dominate - Einstein relation
* Dilute regime differs from rheometry - screening of porous medium

Effects of creep and polydispersity

» Coefficients of empirical correlations scale with ¢,,,-> measure for polydispersity
» Creeping deformation at low shear rates - decrease of macroscopic friction

» Creeping deformation unaffected by polydispersity

Thank you
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