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Abstract

This thesis concerns the influence of the fluid compressibility on the flow behavior
of granular-fluid mixtures. Experiments on the outflow of a fluid-saturated granular
medium from a laboratory-scale test rig are presented. The fluid phase consists of
tap water at room temperature, while for the solid phase we have used spherical glass
beads with diameters of 0.5, 2 and 4 mm, and mixtures thereof. The solid particle
flow is captured on video and measured by Particle Image Velocimetry (PIV), and
the pore fluid pressure is measured by absolute pressure sensors and highly sensitive
dynamic pressure sensors. The results reveal strong interaction and feedback e [edts
between the solid’s flow behavior and the pressure of the pore fluid. The pore fluid
pressure appears to have an outstanding influence on the overall flow process. The
fluid pressure is in turn influenced by the porosity evolution of the solid phase. The
dependence of the pressure on porosity can be explained by taking into account the
fluid compressibility.

Based on the above observations, mass and momentum balances for a compressible
fluid and an incompressible solid phase are employed in the development of a con-
tinuum mixture model. Due to the complexity of the experimentally observed flow
pattern, the system of equations is closed with constitutive equations for the more
simple case of batch sedimentation. The underlying balance equations are kept in
their general form to allow for future extensions of the model to more complex flows.
Batch sedimentation and the experimentally observed flow are linked by the fact that
a relative motion between the phases and the full range of solid volume fractions are
observed in both processes. However, batch sedimentation involves smaller Reynolds
numbers and simpler boundary conditions. Due to the compressibility of the fluid
phase, both transport phenomena and the propagation of acoustic waves are cap-
tured by the model.

The mixture model for batch sedimentation is numerically implemented into a dis-
continuous Galerkin framework. Acoustic waves reaching the boundaries of the com-
putational domain are treated by special open boundary conditions that allow their
free outflow. A number of standard Computational Fluid Dynamics benchmarks is
used to verify the performance and accuracy of the numerical scheme. Then, numer-
ical calculations of batch sedimentation are presented. The results for steady-state
sedimentation are found to be in very good agreement with an analytical solution.
Moreover, in the very beginning of the simulations, dynamic e [edts are observed that
are due to the compressibility of the fluid phase and that have not yet been reported
in the literature.






Zusammenfassung

Diese Dissertation beschéaftigt sich mit dem Einfluss der Fluidkompressibilitat auf das
FlieBverhalten granular-fluider Mischungen. Zunéchst werden experimentelle Ergeb-
nisse zum Ausflieen eines fluidgesattigten granularen Mediums aus einem kleinskali-
gen Behalter gezeigt. Die Fluidphase besteht aus Leitungswasser bei Raumtemper-
atur, wahrend fur die granulare Phase runde Glaskugeln mit Durchmessern von 0,5,
2 und 4 mm, sowie Mischungen derselben verwendet werden. Das Flielverhalten der
Glaskugeln wird per Video und mittels Particle Image Velocimetry (P1V) aufgezeich-
net. Der Porenfluiddruck wird mittels Absolutdrucksensoren sowie hochempfindlichen
dynamischen Drucksensoren gemessen. Die Resultate zeigen starke Interaktions- und
Kopplungse [elte zwischen dem FlieRverhalten des fluidisierten granularen Festkor-
pers und dem Porenfluiddruck. Der Porenfluiddruck scheint einen herausragenden
Einfluss auf den gesamten Flielprozess zu haben. Der Fluiddruck wird wiederum
von der Porositatsentwicklung der Festkorperphase beeinflusst. Die Abhangigkeit des
Druckes von der Porositat lasst sich erklaren, wenn das Porenfluid als kompressibel
angenommen wird.

Basierend auf den o. g. Beobachtungen werden Massen- und Impulsbilanzen fiir
ein kompressibles Fluid und eine inkompressible Festkorperphase verwendet, um
ein Kontinuums-Mischungsmodell zu entwickeln. Aufgrund der Komplexitat des ex-
perimentell beobachteten FlieBprozesses werden jedoch zunéchst Konstitutivgesetze
fur das einfachere Beispiel eines Sedimentationsprozesses eingesetzt. Die zugrun-
deliegenden Erhaltungsgleichungen bleiben aber in ihrer allgemeinen Form erhal-
ten, um eine spatere Erweiterung des Modells auf komplexere FlieRprozesse zu er-
moglichen. Die Ahnlichkeit zwischen dem Sedimentationsprozess und dem experi-
mentell beobachteten FlieRprozesses ist durch die in beiden Prozessen auftretende Rel-
ativbewegung der beiden Phasen sowie die identische Bandbreite auftretender Volu-
menanteile des Festkdrpers gegeben. Sedimentation ist jedoch mit kleineren Reynold-
szahlen und einfacheren Randbedingungen verbunden. Aufgrund der Kompressibil-
itéat der Fluidphase werden sowohl Massentransportprozesse als auch die Ausbreitung
akustischer Wellen im Modell abgebildet.

Das Mischungsmodell fir Sedimentation wird numerisch mittels eines diskontinuier-
lichen Galerkin-Verfahrens implementiert. Akustischen Wellen wird der Austritt Gber
die Rander des Rechengebiets mittels spezieller o [eder Randbedingungen ermdglicht.
Die Funktion und Exaktheit der numerischen Methode wird mittels einiger Standard-
Benchmarks der numerischen Fluiddynamik verifiziert. SchlieBlich werden Simula-
tionsergebnisse eines Sedimentationsprozesses gezeigt. Die Resultate firr stationare
Sedimentation sind in sehr guter Ubereinstimmung mit einer analytischen Lésung.
Des Weiteren werden zu Beginn der Simulationen dynamische E [eKte beobachtet, die
der Kompressibilitat der Fluidphase zuzuschreiben sind und tber die in der Literatur
bisher nicht berichtet wurde.
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Chapter 1

Introduction

1.1 Mechanical models for solid-fluid mixture flows

The subject of this thesis is the flow behavior of fluidized aggregates of solid grains
and a continuous fluid filling the void space between the grains. The outflow of
a granular-fluid mixture from a laboratory test rig and batch sedimentation serve
as examples of such flows. In the field of dry fluidized granular materials, numerous
problems have been investigated, cf. e.g. [34, 69]. However, if a fluid is added into the
pore space, the situation is surprisingly more complex. Brennen [11] notes: "All of the
above analysis [concerning dry granular flows] assumed that the e [ect of the interstitial
fluid was negligible. When the fluid dynamics of the interstitial fluid have a significant
e [ect on the granular flow, analysis of the rheology becomes even more complex and
our understanding is quite incomplete™. Although this statement is already a bit
dated, it’s message is as relevant as ever. Next we give an overview of the scientific
fields where fully saturated granular flows are investigated, and a classification of
mathematical modeling methodologies used in the respective contexts.

Depending on the problem and the scale of interest, two principally dilerent ap-
proaches to describe mixtures of a continuous fluid and dispersed gaseous, fluid or
solid particles are found in the literature: in microscopic models, an equation of mo-
tion is solved for each particle. Macroscopic, or continuum models, on the other hand,
investigate the averaged motion of the constituents or phases of the mixture within a
Representative Elementary Volume (REV), cf. [23, 75].

Binary, i.e., two-phase mixture models based on a microscopic formulation are pro-
posed e.g. by Yazdchi et al. [87]. A mesh-free Discrete Element Method (DEM) is
used to numerically calculate the motion of single solid particles, while the flow of the
continuous fluid is usually solved using "classical” Stokes- or Navier-Stokes solvers
based on a Finite-Volume, Finite-Dilerknce or Finite-Element schemes. Newer con-
tributions (e.g. [55, 57]) propose to use mesh-free methods, as Lattice-Boltzmann
(LB) or Smoothed Particle Hydrodynamics (SPH), also for the description of the
continuous phase. The coupling between solid and liquid phase can be achieved using
a staggered scheme, where the motion of one of the phases within one time step and
the corresponding interaction forces are calculated first, and the results enter the
computation of the motion of the other phase. Microscopic models are especially
suitable for small-scale problems involving a restricted number of particles; due to
the computational cost, they are not suitable for high particle densities.

1



2 CHAPTER 1. INTRODUCTION

On the other end of the model classification are macroscopic models on the continuum
scale. Such models describe the microscopic, multi-phase composition of the mixture
on a macroscopic scale by incorporating the volume fraction of each phase; and by
attributing a set of balance equations to each continuum phase instead of each mi-
croscopic particle. This approach is prevalent in numerous fields dealing with high
particle concentrations, e.g. fluidized beds [3, 33, 44], avalanches [39, 43], debris flows
[39, 80], sediment transport [13, 14, 30], slurry transport in pipelines [62], and soil
liquefaction [25].

A possible subdivision of the macroscopic continuum models could be according to
the volume fraction of the dispersed phase. Many commercial and open-source codes
in Computational Fluid Dynamics (CFD) appear to be structured along a similar
classification.

e Class A

— Mass balance equation for the mixture as a whole
— Momentum balance equation for the mixture as a whole

— This class of models is usually implemented if the physical problem involves
a low volume fraction of the dispersed phase. The resulting equations are
very similar to the Navier-Stokes equations, where the viscosity of the
mixture as a whole is determined as a function of the volume fraction of
the dispersed phase, cf. [23, 75]. The information about the velocities
of the single phases is not naturally resolved by such models and only
recovered, if desired, by postulating closure relations.

* Class B

— Mass balance equation for each constituent
— Momentum balance equation for the mixture as a whole

— Models belonging to this class can be employed when the volume fraction of
the dispersed phase is still low, but the distribution of the volume fractions
of fluid and dispersed phase is of interest. In case of density preserving (i.e.,
incompressible) constituents, the volume fractions can be directly obtained
from the mass balance, while in case of non-density preserving (i.e., com-
pressible) constituents, evolution equations for the volume fractions must
be postulated. The constituent velocities are still calculated constitutively
in this case.

e Class C

— Mass balance equation for each constituent
— Momentum balance equation for each constituent

— When the flow of the dispersed phase is not only influenced by the flow of
the continuous phase (one-way coupling), but also vice versa, the flow of
the continuous phase is significantly influenced by the dispersed phase flow
(two-way coupling), the use of a model of Class B is not possible because the
phase velocities cannot be recovered employing a constitutive law. Two-
way coupling usually occurs at high phase fractions of the dispersed phase.
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Other classifications than the one given above are of course possible, cf. e.g. [38,
Sec. 7.1]. Clearly, the numerical cost, and also the complexity increase from Class
A to Class C due to the increasing number of equations to be solved. According to
the above classification, the model developed in Chapter 3 belongs to Class C. In the
following, some application fields for the above models are presented.

Sediment transport models describe two-phase flow processes of fluid-granular mix-
tures at a large range of volume fractions of the dispersed particles. Most contributions
make use of the so-called Navier-Stokes-Fourier-Fick equations (Class A), consisting of
the mass and momentum balance equations of the mixture and an advection-di [udion
equation for the description of the temporal evolution of the sediment surface. Nu-
merical implementations often use staggered approaches for the coupling of the two
processes: First, the flow equations are solved. The results deliver boundary con-
ditions for the advection-di [udion process; and in turn the results from that process
enter the calculation of the flow field [50, 61, 65]. The solution variable is the barycen-
tric velocity of the mixture, so that the information on the phase velocities remains
unknown. The staggered approach allows to restrict the computational domain to the
area above the sediment bed, where the sediment concentration is su [ciehtly low to
enable the use of a model of Class A. However, when the sediment is redistributed,
the computational domain must be re-meshed according to the new shape of the bot-
tom boundary. Moreover, the flow within the sediment bed is not captured in these
models. Suitable methods as e.g. Volume-of-Fluid (VOF) and Level-Set methods are
used for the resolution of the sediment surface. The idea of the VOF method is to
monitor the gradient of sediment concentration within the computational domain; the
interface is located near the isoline of the gradient’s maximum. The Level-Set method
employs a partial di[erkntial equation (a so-called Level-Set function) to locate the
position of the interface at each timestep. While the VOF method is easy to imple-
ment and numerically cheap, the interface tends to be "smeared out". The Level-Set
method, on the other hand, is more precise, but involves the numerical solution of an
additional partial di[erkntial equation.

Binary geophysical mass flows (e.g., landslides and debris flows) are usually described
in the framework of Mixture Theory, using mass and momentum balance equations for
both the solid constituent and the mixture (Class B), or the solid and fluid constituents
(Class C). However, most numerical implementations exploit the assumption that the
longitudinal dimensions of the flow are much greater than the height, and transfer the
equations to so-called shallow water equations, thereby reducing the dimensionality
of the problem by one [68, 81].

Another application of Mixture Theory models is the field of Fluidized Beds, where
the mass and momentum balance equations of both continuous and dispersed phases
are implemented (Class C) due to the high phase fractions of the dispersed phase [3,
33, 44]. The majority of contributions is however devoted to gas-solid mixtures; liquid-
solid mixtures are less prominent, cf. [88]. Need for research is seen in relation to the
viscosity of the particle phase and the behavior close to densest packing [88]. Note that
in Fluidized Beds the fluid is pumped through the porous medium from below; hence
the fluid pressure is a control variable. Consequently, the type of flow is di [erknt from
geophysical mass flows because in case of Fluidized Beds the particles are maintained
in a fluidized state by an externally applied pressure; whereas geophysical mass flows
might be triggered by an instantaneous increase in pore pressure, but once in motion,
are self-sustaining.
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Rusche [73] proposed a binary mixture model for the case of a high volume frac-
tion of the dispersed phase (Class C) that is independent of the aggregate state of
the phases. His work forms the basis of the multi-phase branch of the Open-source
software OpenFOAM. Numerical examples are related to fluid-gas and fluid-fluid mix-
tures. OpenFOAM employs the Finite Volume Method to solve the partial di [erential
equations, cf. Section 1.3.

1.2 Motivation and outline

The motivation for this study is given by the collapse of the Historical Archive of the
City of Cologne into an underground cavity, causing two casualties in March 2009.
It is believed that the cavity was created by the failure of a diaphragm wall and
subsequent e [uxlof the water-saturated soil into a nearby excavation pit. Although
many research fields are concerned with solid-fluid mixtures in general (cf. Section
1.1), the outflow of a solid-fluid mixture through an orifice from a confined reservoir
seems not to be well understood. Hence experiments on the outflow of a fully water-
saturated assembly of spherical glass beads from a container were conducted and are
presented in Chapter 2. The container is 50 cm high and has a basal surface of 10 x 20
cm. The flow process is impulsively started by opening a hatch at the bottom of one of
the side walls. The experimental setup is a small version of a large-scale experimental
facility at the Institute and Laboratory of Geotechnics of the Technical University
of Darmstadt, cf. [46], for the investigation of the flow behavior of water-saturated
gravelly soils. The experiment at the University of Darmstadt focuses on a realistic
flow process at a large scale using natural soils. However, due to the sheer scale of
the experimental setup, the e [ant in terms of material and workforce to conduct one
single experiment is relatively high. In contrast, the small-scale experiment focuses on
the understanding of the physical processes during the fluid-solid mixture flow. The
smaller scale allows to conduct more experiments at low cost; while at the same time,
it is possible to use more exact measurement equipment under laboratory conditions.
Moreover, due to the low material need, it is possible to systematically vary the grain
sizes and to use mixtures thereof. The use of spherical glass beads allows for a simple
estimation of the permeability. Yet, the geometry of both experiments was chosen to
coincide to allow for a later comparison of the results. The results may also be relevant
in the field of landslides and debris flows, because the failure mechanism leading to
these mass flows is often similar to that observed in the experiments, where the
generation of a local weakness of the porous medium leads to the subsequent failure
of the complete porous skeleton.

The observations made during the experiments clearly show that the observed phe-
nomena cannot be explained without accounting for the compressibility of the pore
fluid. The compressibility of water is so low that it is usually assumed incompressible
in models of solid-liquid mixtures. However, a low compressibility leads to a strong
reaction in terms of pressure to small changes in fluid volume. In case of the experi-
ments shown here, the volume that is available for the fluid is determined by the pore
space. The fluidization of a porous skeleton, in turn, is associated with an increase in
pore space.

These observations motivate the development of a new mixture model for the flow of
fluid-granular mixtures, assuming incompressible grains and a weakly compressible,
barotropic pore fluid in Chapter 3. In the following, the term hybrid model will be
used to indicate the use of a compressible and an incompressible constituent. Tradi-
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tionally, the reason to assume weak compressibility is a numerical one: it is assumed
in numerical frameworks where it is desirable to avoid implicit integration schemes,
e.g. Smoothed Particle Hydrodynamics (SPH, [63, 76]), to approximate the behavior
of fluids that would be assumed incompressible in other numerical frameworks. Im-
plicit integration is necessary when the pressure appears as a free variable. In SPH
in particular, the implementation of incompressible models is also possible, and weak
compressibility is solely assumed for reasons of numerical e [ciehcy. Here, the idea
behind weak compressibility is twofold: on the one hand, as in SPH, the assumption
of a weakly compressible pore fluid allows for the use of relatively simple, explicit
time integration schemes. On the other hand, however, e [edts that occur due to the
compressibility of the pore fluid, e.g. the phenomena presented in Chapter 2, and
also the propagation of acoustic waves are described by the model.

Due to the complexity of the mixture flow presented in Chapter 2, the balance equa-
tions of the hybrid model are supplied with constitutive relations for the application
of batch sedimentation of spherical particles in water. The balance equations are,
however, kept in their general form to allow for a simple extension of the model to
other types of flow. As yet, apparently only three contributions [15, 53, 54] have
dealt with the implementation of such a general model for the description of batch
sedimentation, and none of them employs a compressible fluid phase.

Chapter 4 outlines the numerical implementation of the model into a discountinuous
Galerkin (dG) framework. The method is first introduced in 1-D and examples are
given, then the 2-D case is presented. Numerical benchmarks for the structurally sim-
ilar weakly compressible Navier-Stokes equations are shown. Due to the compressible
nature of the fluid, acoustic waves may emerge within the computational domain,
requiring a special treatment of in- and outflow boundaries. The approach used here
is described and verified by a numerical example. Finally, the implementation of the
mixture model equations is described.

Chapter 5 deals with the actual simulations of batch sedimentation. It is shown that
for stationary sedimentation, the results converge to an analytically derived solution.
However, at the beginning of the numerical experiments, visible and significant e [edts
due to fluid compressibility are found. To obtain a better understanding of the coupled
system of equations and the process of sedimentation itself, the single terms of the
momentum balance are separated into their contributions to the overall force balance
within the dilerent areas of the sedimentation vessel. Finally, a parameter study
reveals the influence of several constants appearing in the constitutive laws on the
sedimentation process.

1.3 Numerical implementation

The mathematical model presented in Chapter 3 consists of a system of strongly cou-
pled conservation laws (Class C, cf. Section 1.1). Traditionally, two methods have
emerged to solve such problems, namely the Finite-Di [erknce Method (FDM) and the
Finite Volume Method (FVM). While the FDM is robust and relatively simple to im-
plement, it requires the use of structured grids and fails on complex geometries. The
FVM does not sulerd from this shortcoming and has nowadays become the standard
in many commercial and non-commercial CFD solvers. It is based on a local approx-
imation of the solution within a computational grid cell, while the global solution is
recovered by means of a numerical flux between adjacent elements. The choice of the
flux allows for the consideration of specific requirements of the equations to be solved;
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e.g. in problems involving a preferred propagation direction, like convection domi-
nated problems, so-called upwind fluxes are used to increase the stability. Due to the
locality of the scheme, it is easily parallelizable for computation on multi-processor
computers. However, the FVM has strong limitations in the possible order of ap-
proximation, and as a consequence, it is not hp-adaptive. The term hp-adaptivity
relates to a flexible, local refinement of the computational mesh in terms of grid cell
size (h-adaptivity) and approximation order (p-adaptivity). Another method, tradi-
tionally used in fields dealing with elliptic problems, is the Finite Element Method
(FEM). In FEM, a high-order approximation and hp-adaptivity are relatively easy
to achieve. Here, the approximation of the solution is not defined locally, but rather
on a global level comprising the full computational domain. This globality, in turn,
leads to potential stability issues for problems where information flows in a preferred
direction.

The issues with each of the methods outlined above have led to the development of the
discontinuous Galerkin (dG) method, which combines many advantages from FVM
and FEM. Within each single element, the approximation corresponds to that of FEM,
while the coupling between the single elements to a contiguous domain is achieved via
a numerical flux over the element boundaries, as in FVM. This combined approach
makes the method robust for convection dominated problems, easily parallelizable
as FVM; and at the same time the method is of high approximation order and hp-
adaptive as FEM.

The coupled model equations to be implemented are similar to the compressible
Navier-Stokes equations, hence contain hyperbolic and parabolic parts. Suitable dG
methods for this type of equations were first proposed by Bassi & Rebay [5] and
Cockburn & Shu [16]. They are nowadays known by the name Local Discontinuous
Galerkin (LDG). Here, operators of second order are first transferred into systems of
first-order equations, which are then implemented using the standard dG approach.
More advanced methods that emerged from LDG are the Compact Discontinuous
Galerkin (CDG) method [66] and the CDG2 method [10], which only contain next
neighbors in the flux term and hence are more compact and more suitable for parallel
implementation. Alternatives for the treatment of elliptic terms include the Internal
Penalty (IP) and Bassy-Rebay 2 (BR2) methods, cf. [10]. The codes developed for
this thesis rely on the nodal dG method as outlined by Hesthaven & Warburton [35]
and partly on the Open-source dG software Pydgeon by Kléckner et al. [47].



Chapter 2

Experiment

2.1 Introduction and motivation

The influence of the pore fluid pressure on the behavior of a granular solid skeleton
is well known from research on e.g. fluidized beds or soil liquefaction: Increased pore
pressures lead to a decrease in contact stresses between the grains, potentially to an
extent where the contact stresses go to zero, and the solid skeleton loses its ability to
sustain shear stresses - the solid skeleton liquefies. This causality is described by the
principle of e [edtive stress, first proposed by Terzaghi [82] and extended by Biot [9].
According to this principle, the total stress T in a solid-fluid mixture is related to the
e [edtive stress Tg of the solid skeleton and the pore pressure p by

T=T¢—ap'l, (2.1)

where 1 is the unit tensor. The coe Lcieht a is called Biot’s coe [cieht, and is given
by

a=1-— e 2.2)
where K™ and K* are the e[edtive bulk modulus of the granular solid skeleton and
the bulk modulus of the solid material, respectively (cf. [84]). Note that the bulk
moduli of the solid material alone and the solid skeleton, which consists of an assembly
of solid particles, may be massively dilerent. While the material bulk modulus is a
material property, the skeleton bulk modulus depends mainly on the contact forces
between the grains.
Depending on the degree of consolidation, a granular solid skeleton will usually react
to deformation by rearrangement of the grains rather than by a deformation of the
solid grains themselves. When a granular solid skeleton is unconsolidated (e.g. beach
sand or the glass beads used in the experiment described below), K KT, so that
a - 1, and the e [edtive stress principle reduces to

T=TS —p'L (2.3)

Theories on fluidized beds and soil liquefaction assume an increase in pore pressure
that leads to the failure of the porous skeleton. In soil liquefaction the pore pressure
increase is a feedback e [edt that is created by compaction of a loose, unconsolidated
material, e.g. due to earthquakes. However, for the actual liquefaction a high enough

7



8 CHAPTER 2. EXPERIMENT

pore pressure is a prerequisite. In this sense, variations in the pore pressure can be
seen as a precondition for the onset of flow of the porous skeleton. In fluidized beds,
a fluid is pumped through the unconsolidated porous medium from below, so that
the pore pressure again acts as a precondition for fluidization. The pore pressure is
a control variable. The idea of the experiments presented in this chapter is to study
the feedback e[edts between fluid pressure and bulk flow behavior when the pore
pressure is not a control variable, but when, instead, the failure of the unconsolidated,
fluid-saturated porous skeleton is induced by a local weakness. One specific example
is the collapse of the historical archive of the city of Cologne, Germany in 2009.
The collapse was apparently caused by the failure of a diaphragm wall in a subway
excavation pit near the building (i.e., a local weakening of the porous skeleton), which
caused an underground landslide and led to the development of a cavity underneath
the building. The building then collapsed into the cavity. On a more abstract level,
it is not di [cullt to imagine that other types of catastrophic landslides and debris
flows may not be caused by the ensemble failure of a large body of soil due to heavy
rainfall increasing pore pressures, but by a rather local imperfection that propagates
(whatever the onset mechanism may be) through the porous skeleton as a porosity
wave, leading to sequential failure of certain areas of soil, and thereby creating the
often surprisingly large extent of debris flows.

To get an insight into the aforementioned problems, experiments were carried out,
with a focus on the onset of flow of the fluid-granular mixture. The experimental
procedure involved mono- or bi-disperse mixtures of glass beads of dilerent sizes
that were poured into a container and then saturated with water. At the beginning
of an experiment, a hatch was opened at the bottom of the container to allow the
fluid-saturated granular mixture to flow out. During the experiments, grain velocities
were monitored by Particle Image Velocimetry, further described in Section 2.3.
The pore pressure was measured by absolute pressure sensors over the full duration
of an experiment, and by high-precision dynamic pressure sensors at the onset of flow.

2.2 Experimental setup

The experimental apparatus consists of a x = 200 mm wide, y = 100 mm deep and
z = 500 mm high (internal dimensions) rectangular cuboid, with a 40 mm high hatch
at the bottom, normal to the x-direction. The full experimental setup is depicted
schematically in Figures 2.1 and 2.3. The test rig is a 1 : 20 downscaled version of a
similar apparatus used at the Institute and Laboratory of Geotechnics at the Tech-
nical University of Darmstadt for flow experiments with gravel-water mixtures (cf.
[46]).

The rig was equipped with pressure transducers at di Lerknt heights in the wall oppos-
ing the hatch (Figure 2.3). The pressure sensors measure only the pore fluid pressure.
I