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Abstract: - Granular flows have been the subject of several researches in the last years, not only in
fluvial hydraulics and risk management but also in many other engineering applications, such as, for
instance, material stockpiling and freights, food manufacturing and industrial processes.

This research is aimed at giving a contribution in the comprehension of such phenomena, through the
analysis of the results of a specific campaign of small-scale laboratory experiments of dry granular
flows produced by dam breaks conducted in the Laboratory of Water Engineering (LI1A) at University
of Cassino and Southern Lazio, Italy, and of their numerical simulations.

Tests have been performed with two different sands and different initial material heights in the
reservoir. They provided data available for the validation of numerical models describing granular
flows. Moreover, they may be used also for testing morphodynamic models adopted for the simulation
of fluvial hydraulic processes in order to verify their capability of reproducing the behavior of the only
solid phase. A depth-integrated two-phase model, originally developed for sediment transport in
unsteady flows, is herein adopted to simulate the presented experiments. To this aim only the
equations related to the solid phase are considered. The presented numerical results show a reasonable
agreement with the final configurations of the dry granular dam breaks experimentally observed.

Key-Words: - Dry granular, dam break, debris flows, laboratory experiments, numerical simulations, risk
management

1 Introduction material are of great importance, for instance, in
Dam-break  flows have been  widely the fields of disaster prevention and risk
investigated, from theoretical, numerical and management with reference to natural large-
experimental standpoints (e.g. [1], [2], [3]) scale events, such as landslides and debris
especially in the clear water case ([4], [5]) but flows. The safety management of a community
also in the presence of erodible bottoms, when requires to deepen the current knowledge of
sediment transport and bed evolution deeply such topics, so to implement measures and
affect the phenomena (e.g. [3], [6]). Dam breaks activities aimed at preventing or reducing the
considering different fluids, sediment mixtures big impacts of natural disasters on humans and
or granular materials have also been their assets [9]. This necessity is growing
investigated (e.g. [7], [8]). especially in the last years, since the risk of

Granular flows have been the subject of potential occurrence of such events s
several researches in the last years, justified by significantly increased due to recent climate
a deep interest in better understanding lots of changes [10] and intensive anthropic
natural and men-induced phenomena, being intervention with its negative aspects (e.g. [11]).
these flows related to many engineering Granular flows constitute an interesting issue
applications. Studies of flows of granular also in material stockpiling and freights, food

manufacturing and industrial processes.
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The dynamic behavior of a granular cluster
depends on the peculiar characteristics of the
moving material. Different rheological models
have been adopted in order to reproduce the
experimental evidences for different materials
([12], [13]).

It is interesting, however, to investigate the
analogies in the evolution of waves arising from
the fast opening of a gate trapping a fluid or
granular material, along with the possibility of
applying the modeling approach adopted in the
clear-water case to granular flows [14]. This
aim motivates the present research. Granular
materials  exhibit, in  several physical
phenomena, a fluid-like behavior, which is
strongly dissipative due to friction and inelastic
collisions. A first study in this field was
conducted by [15], who investigated the
behavior of spherical particles, in laminar,
homogeneous and steady conditions, by means
of a simplified conceptual model completed
with experimental analyses.

Significant progresses in understanding the
dynamics of granular flows have been made
through the study of steady flows down a slope
using depth-averaged equations and
reproducing in different ways the effect of
friction ([16], [17], [18]). As for transient cases,
some experiments have been conducted with
the instantaneous release of a cylindrical
column of dry granular material on a horizontal
plane ([19], [20]). Despite the complexity of the
dynamics, simple scaling laws have been found
to describe the final deposit configurations.
Experimental investigations on two-
dimensional (2D) dam breaks are reported in
[21], [22], [23], considering different dry
granular materials. [24] compared dam-break
experiments realized with water, fluidized and
dry granular flows, showing a water-like
behavior of initially fluidized granular flows,
with meaningful differences respect to the dry
material.

Several attempts have also been made to
describe granular dam breaks through
mathematical models. The main problem when
modeling these phenomena is related to the
expression of resistances. In dry granular flows
particle interactions, such as friction and
collisions, are the dominant source of energy
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dissipation. [25] proposed a shallow-water
model with a Coulomb-base friction stress and a
pressure coefficient, which incorporates the
effect of the internal material friction. [26] also
proposed a shallow granular-flow model, in
which resistance are assumed to derive from a
Coulomb-like friction and a collisional stress.

In the present work, the behavior of a
granular material in a fast transient situation on
an horizontal surface is experimentally
investigated. In particular, cohesionless dry
grains, without interstitial fluid effect, are
considered. The experimental campaign has
been conducted in the Laboratory of Water
Engineering (LIA) at University of Cassino and
Southern Lazio, Italy. Small-scale laboratory
experiments of dry granular dam breaks have
been performed reproducing the sudden
collapse by abruptly removing the retaining
wall of the sand grains in a rectangular channel.
Different tests have been performed starting
from different initial sand heights and using two
different almost-uniform sands.

The main objective is to furnish further
experimental observations of 2D dam-break dry
granular flows. The presented new data are
elaborated in order to analyze the scaling and
the geometrical dependence proposed in
literature. The normalized results have been
compared against the ones obtained by [22]
performing similar experiments, in order to
light similarities and differences.

Furthermore, dry granular flows experiments
may also represent an important test for
morphodynamic models adopted for the
simulation of fluvial hydraulic processes (e.g.
[27], [28]). The robustness of such models is
often verified in clear-water conditions;
conversely, in this article it is suggested that the
capability of reproducing the behavior of the
only sediments has to be verified too. The
depth-integrated two-phase model, developed
for unsteady morphodynamic flows by [29] is
adopted here for simulating the experiments.
Specifically, in the presented application only
the equations relative to the solid phase are
considered [30].
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2 Experimental tests

A set of small-scale laboratory experiments of
dry granular flows produced by dam-break have
been carried out at LIA Lab in a horizontal
rectangular channel with transparent walls.

The granular material is trapped by a vertical
fast-opening sluice gate, thus forming a 0.40-m
wide reservoir (Figure 1). The sudden removal
of the gate produces the dam break flow (Figure

2).
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Figure 1: Sketch of the experimental equipment
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Figure 2: Sketch of the considered dam-break
scheme

Two computer controlled cameras are
positioned frontally and at the top of the
channel, respectively, in order to record the
evolution of the phenomenon during each test.
The cameras have a resolution of 1360x1024
pixels and an acquisition frequency of 30 fps.
For each frame the flow depth profile along the
channel and the front position are evaluated
through a specifically developed image analysis
technique [31].

Tests have been performed with two
different types of sand, both characterized by a
very sharp granulometric curve; it is, therefore,
acceptable to refer to the dsp as the
characteristic diameter for each sand. Grain
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particles have been kept well dry in both cases,
in order to reduce cohesion effect, which is here
considered negligible. The “fine sand” (named
“sand A”) is characterized by a particle mean
diameter dso = 0.20 mm and a solid density ps =
2680 Kg/m®. The internal friction angle,
measured through laboratory tests, is ¢ = 36°,
while the estimated porosity for loose material
is equal to 0.53. The *coarse sand” (named
“sand B”) has, instead, the following
characteristics: dsp = 1.60 mm, ps = 2560
Kg/m®, ¢ =41° and porosity 0.43.

As reported in Table 1, four tests for each
sand are here examined, with an initial height
Ho in the reservoir varying from 0.20 m to 0.50
m. The reservoir length L is equal to 0.50 m for
tests with sand A (A tests) and 0.60 m for tests
with sand B (B tests), so that the reservoir
height-to-base aspect ratio r = Hp /L is in the
range 0.3-1.0. Each test has been repeated three
times in order to verify the reproducibility of
the experiments.

Table 1: Characteristics of performed tests

TEST |Sand| Ho | L r
[m]|[m]] []

Al A |0.20|/0.50| 0.4
A2 A |0.30|0.50| 0.6
A3 A |0.40|0.50| 0.8
A4 A [(050(050| 1.0
B1 B (0.20]/0.60|0.333
B2 B (0.30/0.60| 0.5
B3 B [0.40|0.60|0.667
B4 B [0.50/0.60|0.833

The front position is detected from the analysis
of the images recorded from the top of the
channel (Figure 3), while the longitudinal depth
profile is reconstructed from the frontal camera
recordings (Figure 4).

An automatic procedure making use of pre-
processing and edge-detection tool software, for
the fast and objective process of a great number
of images, has been set up.

Numbered regular grids are attached on the
frontal wall and on the channel bottom, in order
to permit proper rectification and scaling of the
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recorded images and, consequently, a correct
measurement operation.

In this way the evolution of the time- and space-
dependent processes can be properly evaluated.

/

T

Figure 3: An image recorded from the top of
the channel for the front position detection (test
B1).

Figure 4: An image recorded from the front of
the channel for the longitudinal profile
evaluation (test A4).

For all tests, images reveal no significant wall
effects on the depth, which is rather constant in
the cross section, thus confirming that the flows
are fairly 2D and the assumption of a 1D
framework is acceptable. The longitudinal
section detected from the images on the
transparent front sidewall can be, therefore,
assumed as representative of any other
longitudinal section in the flow.
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3 Experimental results

For all the performed tests, the column of sand
collapses with a gradual transition from
relatively-slow fracture planes, along which the
grains slide down. A surface wave propagates
backward in the reservoir and the backward
front stops before reaching the reservoir
upstream boundary, leaving a portion of mass
that does not move. The wave propagating
downstream stops when, at some point, a sand
layer at contact with the bottom comes to a halt
due to friction. As also observed by other
authors (e.g. [17]), shock waves form, which
bring the granular material to rest. The
downward propagating wave is similar to the
one that can be observed in a fluid dam break;
however, in that case, the fluid keeps flowing
towards the flume outlet, while for the sand the
avalanche stops by friction when it reaches the
bottom (or, more generally, a solid wall). When
the slump comes to rest at the upward front,
backward wave still propagates, in a way that
the material below the shock is at or near rest,
whilst the grains above the shock flow rapidly
downslope, forming an avalanche of superficial
layers (secondary movement).

The flow always forms a final deposit whose
longitudinal extent is lower than the channel
length. While the final front position is clearly
defined, the final runoff is more ambiguous. In
fact, it is observed that the secondary movement
produces a decrease of the upper surface slope
until equilibrium is reached.

The final front positions Xsmax, and its
stopping time t;, as well as the total duration of
the phenomenon t;, at which also the secondary
movement is concluded, are reported in Table 2
for all the tests.

The front position is evaluated starting from
the gate position, assumed as the origin of the
abscissa x.

Figure 5 shows for both sands and an initial
depth Hp equal to 40 cm (tests A3 and B3) the
longitudinal profiles of the sand, respectively, at
the front stopping time t; and in the final
configuration, i.e. at time t;.. It can be noticed
that the difference between the two profiles is
more evident for sand A, for which the above-
described effects of the secondary movement
are more important.
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A more detailed description of the experimental
setup and analysis of the experimental data for
sand A, also using scaling results, is reported in
[26], [30] and [32], while sand B has been
introduced in [33].

Table 2: Experimental data for the final front
position Xsmax, front stopping time t; and process
total duration t; for all tests

TEST | Xfmax {5 t¢

[m] | [s [s]
Al ]0.263|0.600 | 1.933
A2 10.388|0.733] 3.133
A3 [0.518| 0.900 | 3.666
A4 10.608 | 1.033 | 4.000
Bl 0.278 ] 0.633 | 1.067
B2 0.388 | 0.767 | 1.267
B3 0.518] 0.867 | 1.567
B4 0.631]1.067 | 1.867

Sand A

i [em]

x [em]

Sand B

It Jem]

X Jem]
Fig. 5. Longitudinal profiles at front stopping

time t; and at the end of the phenomenon t; for
tests A3 (Sand A) and B3 (Sand B).

Figure 6 reports the same comparison between
the longitudinal profiles of both sands,
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respectively at the front stopping time t; and at
the final time t;, for all the presented tests. The
coarse sand front is sometimes slightly
advanced respect to the fine sand one. In
addition, the difference between curves
corresponding to different sands at equal values
of Hyg is bigger at front stopping time t;, respect
to the one observed at time t;, when the two
curves are almost coincident.

Front stop
p

it [em]

X [em]

Final configuration

Ir [em]

x [em]

Fig. 6. Comparison between profiles at times t;
(front stop) and t; (final configuration),
respectively, for the entire set of tests.

In Figure 7, instead, the time evolution of the
front position x; is plotted for each test. It can be
noticed that the front is in general more
advanced for the coarse sand respect to the fine
one for corresponding tests, i.e. at equal initial
values of the sand height Ho in the reservoir.
The process is in general faster for sand B than
for sand A, especially at the beginning of the
process. At the end of the phenomenon the front
position is almost the same for both sands,
except for tests Al and B1 where the difference
is more evident.
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x;|em]
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Fig. 7. Time evolution of the front position x;
for all tests.

As already observed by [24], three distinct
stages can be observed: in the first phase
following the collapse, the flow generated by
the dam break is animated by a first constant
value of the velocity, bigger than the one
characterizing the second stage, which is again
a constant-velocity phase; in the third phase the
granular flow decelerates until stopping.

Transition between first and second phases
occurs when the column height is about half its
initial value; during most of the second phase,
the flow height in the channel is approximately
constant, except around the downstream and
upstream fronts of the flow itself. Transition to
the third phase occurs when the sand height has
dropped to almost that of the flow in the
channel, i.e. when the driving pressure between
the material in the reservoir and the channel has
reduced significantly.

In Figure 8 a sketch of these three stages is
illustrated for the tests Al and B1.

.\}—— f

s

Fig. 8. Sketch of the three stages in the process
evolution (tests Al and B1).
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The comparison in Figure 8, confirms that for
the coarse sand the evolution of the process is in
general faster respect to the fine sand one:
transition from the first to the second and from
the second to the third stages occur earlier for
sand B than for sand A.

It is also worthy of note that, for each test, in
the final configuration three different profile
zones can be identified (Figure 9), differing
from each other on the different values of the
slope angle. Specifically, the slope values ¢, ¢,
and ¢; measured for the three zones, are,
respectively, starting from upstream, in the
range 28-32°, 22-26° and 11-12° for both sands.
In the middle zone a smaller value of the slope
can be observed for sand A (around 22.5°)
respect to sand B (about 26°), while in the other
ones the slope values for the two sands are more
similar. Close to the bed at the front tip the
smallest slope is registered, with values
significantly different from the repose angle.
The slope average is in general always lower
than the internal friction angle of the material
for both sands, as a consequence of the dynamic
effects of the phenomenon. The final
configuration is, therefore, not the equilibrium
bank profile, defined by the repose angle, but it
is strongly affected by the dynamics of the
process.

k [em]

Fig. 9. Sketch of the final configuration profile.

For a better interpretation of the results, the

main  characterizing quantities may be
considered in a dimensionless form. In
particular, the following  dimensionless
variables are defined:
X =2 1)
HO
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In Figure 10 dimensionless front position X; is
plotted as a function of dimensionless time T.

Fig. 10. Dimensionless time evolution of the
front position.

The trend of front position to progress faster for
sand B than for sand A, especially at the
beginning of the process, is highlighted.

Sand A
12

HI[]

A4 2 1 08 D

Bl
) - =B2
Sa - =33
X oE - —F4

HI
f

Fig. 11. Dimensionless longitudinal profile at
time t; for tests A (Sand A) and tests B (Sand
B).
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Fig. 12. Dimensionless longitudinal profile at
time t; for tests A (Sand A) and tests B (Sand
B).

Dimensionless longitudinal profiles (H versus
X) are plotted separately for sand A and B,
respectively, first at time t; (Figure 11) and then
at time t; (Figure 12).

In these diagrams curves appear to collapse
into the same curve. The final values of
dimensionless wave front position are almost
the same for all tests and can be estimated equal
to about X4 = 1.25. The values of the final
upstream front positions are also the same and
about equal to X, = -0.84. In addition,
dimensionless time at which the process ends is
similar for the various tests and in the range T =
4:45.

Figures 11-12 also highlight the self-
similarity of longitudinal profiles at the front
stopping time and at the end of the
phenomenon. This self-similarity is better
achieved for sand B. This is in agreement with
the physical intuition that, if solid particles are
big and smooth enough, the granular matter
exhibits a fluid-like behavior.

Another dimensionless representation of
results, which highlights better this self-
similarity is the one that still scales depths h by
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the initial heights Hy (EQ.2), while horizontal
lengths x are scaled by the final runout,
introducing the dimensionless variable X;
defined as:

X, = Xtmax (4)

Xf max + Xf max

With this normalization, the front position from
the gate is unity. In Figure 13, the values of the
dimensionless variable H (Eq. 2), are plotted as
functions of X; (Eq. 4), for the entire set of tests.
This scaling indicates that the fractured deposits
have a nearly universal shape, as already
observed by [22] for similar laboratory tests.
Indeed, practically the same curve is found by
performing the same reduction on the data from
experiments with the two different sands.

H-X,

Fig. 13. Dimensionless longitudinal profiles at
time t; scaled using Eq.(2) and Eq.(4) for the
highs and horizontal length, respectively.

The presented experimental results of the
campaign conducted in the LIA Lab have been
also compared against the ones obtained by
[22]. Experiments by [22] considered a grid
with mean diameter size of about 1 mm, density
ps = 2600 Kg/m?, internal friction angle ¢ =
36.5° and porosity equal to 0.54 for loose
material. Among the different experiments
presented by the authors, the ones with aspect
ratio r = 1 and r = 0.6, in the range of the values
of the presented tests, have been considered. In
Figure 14 the comparison with longitudinal
profiles of all tests for sand A and B is plotted
considering the dimensionless variables H and
X. The self-similarity is confirmed, despite the
grain size differences.
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Fig. 14. Comparison of dimensionless
longitudinal ~ final  configuration  profiles
obtained for tests A (Sand A) and tests B (Sand
B) with the ones of the experiments conducted
by [22].

4 The numerical model
The depth-integrated model proposed by [29]
expresses mass and momentum conservation
equations for both water and solid phases. Only
the ones relative to the solid phase are here
considered for the application to granular flows.
On the assumption of a hydrostatic pressure
distribution and considering a layer of material
flowing over a rigid surface, conservation of
mass and momentum are expressed by:

oh ohu_, 5)
ot Ox

ohu 0 h? T

—+—| hu*~g— |-ghS,+—~-=0 (6
ot ax( J 2] I . ©

where X is the streamwise coordinate, t is time,
g is gravity, h the layer depth, u the flow
velocity, Sp the bottom slope, ps the material
density and zr the total stress [30].

In the case of mixture of non-cohesive
coarse fraction, the dissipation mechanism is
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influenced by two prevalent regimes ([34],
[35]): (a) a quasi-static regime, in which long-
term contacts producing rubbing and sliding
between particles occur; (b) a collisional
regime, where the contacts are of short duration
[15]. The total stress zr is, therefore, written as
the sum of two terms:

7, =1, +7, =C,p,au’ + p.ghtan ¢ (7)
the collisional shear stress zs, expressed as the
product of the squared velocity u, the Bagnold’s
coefficient « and the material bulk density cg ps,
being ¢, the volume fraction, and the frictional
shear stress 7, expressed by the Coulomb
friction law, being ¢the friction angle. It is

worth of note that the z, term does not represent
just the resistance on the bottom, because it is a
depth-integrated shear stress. In this framework,
the friction angle constitutes an important
parameter of the model.

Equations (5) and (6) represent a system of
conservation laws in the variables h and u. The
investigation of the mathematical nature of the
model reveals the existence of two real and
distinct eigenvalues:

1
/11,2 =u [1iFrj (8)

with F, = u/(gh) and, therefore, that the system
is always hyperbolic.

The mathematical model has been
numerically integrated using the GMUSTA
scheme ([36], [37], [38]), a first-order multi-
stage centered scheme [6].

5 Comparison between experimental

and numerical results

Some numerical results, specifically in terms of
longitudinal profiles in the final configuration
(at time t) are plotted in Figure 15 in
comparison with the experimental results for
sand A and B.

Simulations have been run with a time step
At = 0.0001 s and a grid size Ax = 0.001 m.
Besides the sand physical parameters (density,
mean diameter, porosity and friction angle),
assigned as measured in laboratory, it is
necessary to fix as model parameter the
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Bagnold coefficient, chosen equal to 1.2 and
0.4, respectively, for sand A and B.

Sand A

Sand B

I lem]

Fig. 15. Comparison between experimental and
numerical results in terms of longitudinal
profiles at time t; for tests (Sand A) and tests B
(Sand B).

The comparison shows a reasonable agreement
between numerical and experimental results for
each test.

Slight discrepancies between the two curves
can be observed especially in the positions of
the two fronts (upstream and downstream ones),
although they are more evident for the
downstream front. These differences are
probably due to the dynamic effects of the
process, which, as previously observed, modify
the actual values of the friction angle #. The

model equations, instead, refer to the repose
angle of the sand, considered constant for each
material during the evolution of the
phenomenon. It is also observed that the
differences between the observed and the
predicted data are more pronounced for sand A,
as expected being the secondary movement, not
properly taken into account in the numerical
model, more important. Further developments
can be implemented on the numerical model in
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order to account for these features and better
reproducing the process evolution.

6 Conclusions

In this work small-scale experimental results of
dry granular flows produced by dam breaks
have been presented. Tests have been conducted
on two different kinds of non-cohesive sands,
starting from different initial sand levels in the
reservoir. Longitudinal sand profile and wave
front positions have been evaluated for each test
at different times through an ad-hoc image-
analysis procedure. Results highlighted the
existence of a secondary movement which
affects the phenomenon evolution and is more
evident for the finer sand. The longitudinal
profile slope is on the average smaller than the
sand internal friction angle for both materials,
due to the dynamical effects characterizing the
process. The coarser sand, for the same initial
depth in the reservoir, shows a faster progress
with time. A self-similarity of final longitudinal
profiles is also observed.

The presented experimental results represent a
useful dataset for the validation of numerical
models of granular matter flows. In this context,
a depth-averaged two-phase model, with
reference to the only equations pertinent to the
solid phase, has been adopted for numerical
simulations of the experiments. Results show a
reasonable agreement with the experimental
evidence.
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