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Capturing of the internal mechanics of liquid-granular flows comprised of
polydisperse spherical particles
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Abstract. This paper presents a series of flume experiments designed to examine the motion and arrest of
concentrated granular-fluid flows, with a view to understanding the role of polydispersity in debris flows. A
non-intrusive technique is used to investigate the internal behaviour of small scale experimental flows. Three
different particle size distributions comprised of polydisperse spherical particles and one with the finer com-
ponent made of angular particles were analysed. The choice of using spherical shaped particles was made to
improve the visualization of the internal mechanics without reducing overmuch the complexity involved in the
study of these flows. We examined and compared the internal velocities of the flows and their depositional
spreads. While the optical performance of the non-intrusive technique was improved, some of the character-
istics commonly seen in these types of granular flows were not observed. Velocity profiles obtained in the
body of the flows were similar in shape but with differences in velocity magnitude depending on the amount
of fines and the angularity of the particle in one case. Depositional runouts between flows were similar at low
inclinations when little internal energy was supplemented to the system or when the viscous effects dominated

the mechanics at steeper angles.

1 Introduction

Debris flows constitute a significant natural hazard in re-
gions of mountainous terrain. They are often described
as a succession of non-uniform surges with particle sizes
ranging from clay to boulders. Flow segregation can oc-
cur where larger particles are preferentially transported to
the snout which is characterized by a reduced water con-
tent and greater friction resistance to motion than the dis-
persion behind it. The rear interior, where large amount
of suspended fines tend to accumulate, provides a mobile
core which advects some of its downstream momentum
into the resistive, coarse-grained snout, thereby provid-
ing the force to drive the snout forward. This mixture of
sediment stops when approaching gently sloping surfaces.
These areas of the deposit spread or runout are generally
of most interest in terms of human risk. How far such
flows will travel is critical for delineating areas at risk and
to design protective measures.

The inherent complexity and the multitude of hetero-
geneities within granular flows make them very hard to
study in the field. However, fundamental characteristics of
mobile granular flows can be reproduced in laboratory ex-
periments, albeit with some simplifications. This has shed
some light on their overall behaviour, but the mechanics of
their movement is still far from understood. Hence debris
flows and more in general granular flows are subject of in-
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tense research from an experimental perspective which can
also be supported by numerical and theoretical analyses

The combined effects of mixture composition and
problem geometry on internal behaviour and the effects
on the runout can be reproduced in laboratory flumes.
Such an approach was previously adopted by Sanvitale and
Bowman [1] . Several flows were studied using an innova-
tive non-intrusive technique that allowed the visualization
of a transparent medium, thus the internal dynamics of a
flow, while matching closely the properties of real debris
flows. Here a similar apparatus was used, but with modifi-
cations for this particular work. Based on the previous re-
sults, more simplified solid particles are employed in order
to improve the visualisation technique while trying to keep
an approximation to debris flow behaviour. The choice of
the particles leads to a better visualization of the flow in-
terior. However, we show that there are fundamental limi-
tations on the choice of the shape and size of particles.

2 Background

Iverson [2] has argued that the dynamic similarity be-
tween natural and small-scale debris flows is probably
unattainable since small models cannot reproduce the
same stresses as those of real large debris flows. How-
ever, Bowman and Sanvitale [3] showed that comparison
between the two scales does appear feasible and careful
laboratory testing performed on small scale flumes can still
inform on the mechanics behind debris flow behaviour. It
was shown that the well-graded nature of debris flow is not
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Figure 1: Particle size distributions

incidental, but an important factor affecting their mobility
and the capacity to travel far before the final deposition
phase. The correct choice of the particle size distribution
(PSD) enabled important aspects of debris flow behaviour
to be replicated even at small scale, such as the effects of
flow segregation and its influence on final deposit shape
and grading profile.

An experimental debris flow consisting of well-graded
materials may generate low frictional resistance within the
flow interior as the flow segregates with agitated finer par-
ticles reducing the propensity for fluid to exit from the
mass. Hence pore pressures may be greater than hydro-
static and effective stress greatly reduced. This is dif-
ferent from typical experiments characterized by a rela-
tively uniformly-graded particle size distribution. In this
case segregation cannot occur and the mixtures maintain a
steady frictional resistance. The fluid is evenly distributed
throughout the flow so that momentum is lost quickly due
to the uniformly distributed friction resistance and the re-
duced effect of pore pressure. Comparatively, for systems
with the same masses of solids and fluid, well-graded mix-
tures show higher velocity, smaller flow thickness and a
larger runout extent than uniform flows [4].

These distinct behaviours may explain the difference in
behaviour at large and small scale that is often observed. If
well-graded materials are used for small scale work, high
overall mobility can be achieved in this configuration de-
spite the lower velocity attained.

Here small scale experiments considering the flow
of transparent materials down an inclined chute are de-
scribed. These are characterized by particle size distri-
butions made of few, but distinctly different, particle di-
ameters in the attempt to step away from monodisperse
realizations but at the same time, only gradually increase
the complexity of the investigations.

3 Experimental set-up

The flume used in this study is similar to that used by San-
vitale and Bowman [1]. The apparatus is a sloping rect-
angular 15 cm wide and 200 cm long channel that can tilt
from horizontal up to 45°. At the upstream end, the ma-
terial is held in a rectangular tank. A double-slider gate

mechanism enables control of the releasing flow height
that develops downstream. Attached at the bottom of the
inner gate is a flexible flap with holes that holds a small
pocket of liquid. At the opening of the gate this liquid exits
first removing any entrainment of air bubbles which would
be otherwise trapped in the solid phase and carried down
the channel, thus creating unwanted visible micro lenses
in the images and interfering with the laser plane. The
rough base has been made via 3D-printing using a plastic
material (Nylon SLS). Semi-spherical particles of diame-
ter 3 mm at the circular edge are organized in a hexagonal
pattern and positioned at the bottom. Near the end of the
flume a planar laser light is shone 50 mm away from the
sidewall in order to illuminate the transparent material. At
the same fixed location measurements were taken for all
flows. The lit surface of the granular flow is captured by a
high-speed camera (Phantom Miro 310) at a frame rate of
500 fps. A typical example of images for these particular
flows is shown in Fig 2. Once collected, the images are
processed via an open-source particle image velocimetry
(PIV) software [5] and velocity profiles extracted for each
flow. A flat deposition area is situated at the end of the
channel where the material is collected and measurements
of final runout length and area recorded.

The visualization of the flow interior is done via planer
laser induced fluorescence (PLIF), which requires the
matching of the solid and liquid refractive indices (RI).
A fully saturated flow is required for this method to work
properly. The materials used are crushed angular parti-
cles borosilicate glass with size 0.6 and 1.18 mm, respec-
tively, and spherical particles of the same material with
diameters ranging from 1 to 25 mm. Given the focus
was on image quality here, manufactured spherical par-
ticle which are nearly flawless, enabled an improvement
to that achieved previously using angular glass particles.
However, the cost of very fine spherical particles was pro-
hibitive, hence fines were made of angular materials. The
fluid (a hydrocarbon oil produced by Cargille laboratories)
was refractively matched to the glass and a small amount
of fluorescent dye (Nile Red) added so that to distinguish
the particles from the brighter background. All tests were
conducted at a controlled room temperature of 23°. This
was found optimal for matching the two refractive indices
as the RI for the liquid varies with the temperature.

Figure 2: Internal flow image for PSD1 at 15°
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3.1 Methodology

All tests were carried out with the same experimental con-
ditions. The opening height of the gate was kept constant.
Three chute inclinations were used, respectively, 15°, 20°
and 25°. A total mass of 18 Kg for each mixture was
loaded inside the hopper and then saturated so that the ini-
tial sediment volumetric concentration (Cs) was 0.57 (i.e.
porosity = 0.43). The four particle size distributions (PSD)
used in this study are shown in Fig 1. They are presented
as histograms showing the percentage of mass for each
particle size over the total mass. The smallest and largest
sizes were limited due to practical reasons, however we
are able to approximate those used by Sanvitale and Bow-
man [1] (in Fig. 8). PSD1, PSD2 and PSD3 are composed
of spherical particles only. For each of these three we pro-
gressively increased the amount of finer materials (1 mm)
from 5.53% for PSD1, 11.2% for PSD2 and 16.6% for
PSD3, reduced the number of particle in the middle of the
distribution (7.5 mm) and increased the number of larger
particles (15.5 mm). The two largest sizes, 20 and 25 mm
were kept constant throughout due to the limited number
of particles available. PSDy,, is the same as PSD2 but all
1 mm particles (i.e. 11.2% of the total mass) were sub-
stituted by angular particles of 0.6 and 1.18 mm in order
enhance expected pore pressure effects caused by addition
of fines.

4 Results

For the flows released at an inclination of 15°, velocity
profiles obtained by averaging over the body of the flows
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Figure 3: Velocity profiles for flows released at 15°
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Figure 4: Depositional runouts for flows released at 15°

(i.e. avoiding the noisy front and the tail of the surge)
are shown in Fig. 3. In all cases a slip velocity de-
veloped at the bottom boundary. PSD1 and PSD2 have
similar flow heights and velocity magnitudes compared to
PSD3. PDSy,;, was not able to develop sufficient momen-
tum which resulted in a thick layer of material being de-
posited over the channel. Only a short recording was pos-
sible before the material stopped, which did not allow a
velocity profile to be determined.

From the analysis of flow images it was revealed that
after the coarser but still saturated front smaller particles
segregated to the bottom of the flow leaving larger ones to
travel at higher velocities (e.g. Fig. 2). This occurred for
all inclinations. In addition, fine materials (smaller than
1 and 1.18 mm) were partially trapped and slowed by the
rough base made of 3 mm semi-spheres.

The profiles of the final deposit are shown in Fig 4.
These were similar to each other for PSD1, PSD2 and
PSD3. If the velocities are compared to the runout lengths,
some changes would be expected for the slower PDS3.
However, the length and shape of the spreads were very
similar indicating that not enough inertial energy was in-
duced into the system and that the material was progres-
sively accumulating without showing characteristic depo-
sitional behaviour. This was different for PSDy,;, possi-
bly due to the increased frictional resistance provided by
the angular fine particles leading to an even shorter runout.
Note that the choice to use 15° was led by previously tested
flows (not shown here) conducted with monodisperse 3
mm dispersions which developed much higher velocities.

To increase the energy in the system and produce dif-
ferent behaviours, the inclination needed to be increased.
While 20° showed intermediate behaviours between 15°
and 25°, here we focus on flows released at 25° only. Ve-
locity profiles obtained from the body of the flows are de-
picted in Fig. 5. Similarly to the flows at 15°, a distinct slip
velocity was generated at the bottom boundary. For PSD1,
PSD2 and PSD3 the magnitudes of this quantity decreased
progressively with an increasing amount of fines. PDS,,,,
travels slower than PSD3 due to the increased friction.
Note that the all profiles tend to reverse back at the free
surface (i.e. with slower velocities than the middle part),
which is unexpected for these flows, in which we would
expect a maximum at the free surface. This was caused by
the changing of the saturation line (also the limit for the
PLIF technique). For these faster flows, occasional and lo-
cal reduction of the saturation line is caused by the cross-
ing of big particles transported at the free surface. These
are interpreted by PIV as areas with lower velocity. Hence
averaging results in an apparent reversing of the velocity
profile at the top of the flow. This was also noticed when
the average was done for shorter periods of time (e.g. for
30 or 50 frames only).

The flows analysed at an inclination of 25° produced
the depositional areas shown in Fig. 6. PSD1 had the
longest runout and fines segregated close to the bottom
boundary. This resulted in larger particles dominating the
mechanics during runout producing a longer spread. Con-
versely, from the analysis of flow images for PSD2 and
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Figure 5: Velocity profiles for flows released at 25°
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Figure 6: Depositional runouts for flows released at 25°

PSD3 it was clear that fine particles were more evenly dis-
tributed throughout the flow height. They have shorter and
comparable runouts, with PSD3 being somewhat longer.
That is, increasing the amount of fine particles (< 1 mm for
these three PSDs) considerably slowed the flows. There-
fore, the expected changes of runout caused by adding
fines to increase pore pressure (i.e. via accumulation of
fines in the body and rear) did not occur, instead vis-
cous and vertical segregation effects appeared to domi-
nate. Again, PDS,,;, produced shortest runout due to the
increased frictional resistance of fine angular particles.

5 Conclusion

This paper presented the results obtained for polydisperse
granular flows characterized by different particle size dis-
tributions and particle shapes. Velocity profiles were ob-
tained from internal cross sections of the flows. The use of
spherical particles allowed us to improve the optical per-
formance of the PLIF technique. However, some of the
typical depositional characteristics for these types of gran-
ular flows were not observed. The extents of the runout
areas were similar for low energy flows at an inclination
of 15°. In contrast, for 25° it was clear that flows with
the highest amount of fines were affected by strong vis-
cous effects and vertical segregation. For both inclinations,
PSDy,;, (a modified PSD2 with angular particles) had the
shortest runout due to increased fictional resistance.
Perhaps the display of different depositional be-
haviours could be achieved by a more careful choice of the

PSD compositions. Moving from uniform to well-graded
distribution could be done by varying the amount of fine

and large particles around a specific point (e.g. a mean
diameter (Dsg)), as done previously [1]. For these tests
we were limited in the amount of large particles available
while considerably increasing the amount of fines. That is,
by just increasing the fines content we only induced addi-
tional viscous effects. In addition, large step changes in the
specific particle sizes — e.g. beyond Terzaghi’s filter limit
[6] - may have enabled particle size segregation to sponta-
neously occur at the commencement of the flows. Finally,
while we considered velocity profiles obtained in the body
of the flow, it would be interesting to compare runout ver-
sus front velocity as in [3] but this velocity was difficult
to obtain due to the controlled flow release adopted to im-
prove the flow visualization.

Ultimately, other substantial effects remain to be in-
vestigated. In case of particle vertical segregation, fric-
tional and viscous gradients develop across the flow. Lo-
cal effects may be generated, for example, the variations
of global bulk motion of the interstitial fluid relative to
the granular material as well as different distribution of
the stresses connected to the particle rearrangement. The
degree of segregation and the related effects may be quan-
tified by estimating solid concentration profiles. The bot-
tom also plays an important role. Very bumpy base may
increase the frictional resistance due to small particles
trapped in the gaps at shallow angles but also generate
strong agitation and remixing at stepper ones. To clar-
ify the boundary effect, the same flows should be tested
at different bottom boundary. Undertaking further investi-
gations could lead to new insights into internal and depo-
sitional mechanics of these granular flows.
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