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ABSTRACT

We report on a series of laboratory experiments to study the interaction of slushflows with
catching dams. The aim of the experiments is to identify an engineering design that effectively
stops a slushflow upstream of a catching dam. In the experiments, we use water as a substitute
for slush. The chute flow is scaled with the Froude number and the barrier height is scaled with
the depth of the chute flow and the Froude number. We find high run-up (splash) and thus high
impact forces may be inferred, during the initial impact of the flow with an impermeable barrier,
resulting in overtopping of the dam. The splash is followed by semi-steady fountaining, with
overflow until an abrupt transition to a hydraulic jump occurs and overtopping ceases. The high
initial splash may be interpreted in terms of high pressures that develop during the impact due
to the incompressibility of water as opposed to granular flow. We note the importance of
reducing the initial splash to minimize overtopping and shorten the transition to a hydraulic
jump state. A row of relatively low, steep braking mounds upstream of an impermeable, steep
dam is extremely effective. We find that energy dissipation does not take place at the upstream
mound face, but rather downstream from the mounds, due to turbulence. A permeable or partly
permeable steep rock dam or a rock berm is also effective to reduce overtopping.

1. INTRODUCTION

Slushflows occur when water-saturated snowpack is mobilized. Slushflows are common in
Norway, Iceland, Alaska, other Arctic regions, as well as in Japan, and may become more
common in lower altitude Alpine regions, due to global warming. Erik Hestnes at the NGI in
Norway has studied Norwegian slushflows for over three decades (Hestnes, 1985, 1998). In a
recent paper, Hestnes and Kristensen (2011) identify three types of slushflows, based on the
triggering mechanism: 1) Liquefaction of a wet snow slab, 2) release of a slab avalanche into
an increasingly wetter snowpack and 3) avalanches into lakes.

The resulting flows may be highly turbulent and travel with steep flow fronts (see Figure 1),
much like dam-break floods. Gude and Scherer (1998) studied slushflows in Spitsbergen and
North Sweden. They used the Froude number of the flows to distinguish between minor, Fr < 1
and larger slushflows or slushtorrents, Fr > 2. Wave-like instabilities on the free surface have
been observed for flows with Fr close to 1 (surges or roll waves, Sovilla et al., 2012) and more
than one release from the same starting zone is common, with the lower part releasing first and
the upper part following (Hestnes et al., 2011; Agustsson et al., 2003b). The speed of large
slushflows is generally lower than the speed of dry snow avalanches, which may be due to high
basal resistance in the flow track. The flows generally entrain snow, soil and rocks on the way
and the flowing mass increases substantially downslope.
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Large slushflows may be highly destructive, exerting dynamic pressures on obstacles of the
same order as large dry-snow avalanches.

The present study is motivated by the challenge of stopping slushflows above the villages of
Patreksfjordur and Bildudalur in Nortwestern Iceland. Residential houses are threatened by
slushflows with volumes of 10-50 thousand cubic meters and both towns have been hit by
slushflows from prominent gullies in the mountainsides (Agustsson et al., 2003a; 2003b). A
catastrophic slushflow was released above Patreksfjordur in January 1983, claiming three lives
and damaging 16 houses, see Figure 1. Back calculations of flow speeds suggest a speed of the
slushflow of 10 to 15 m/s (J6hannesson and Hakonarddttir, 2004; Gauer, 2004). Channels to
direct the flows through the residential area, to the ocean were proposed in earlier appraisal
studies (Sigurdsson et al., 1998), thereby splitting the towns in two and removing several houses
in the way. The proposals were rejected by the town council due to the undesired impact on the
town’s appearance. The channel in Patreksfjorour would also have cut access to the hospital
from the western part of town, during and after a large slushflow. In 2015, Stefan Margreth of
the SLF in Switzerland, was brought in for consulting. He recommended investigating the
feasibility of a catching dam as an option for the protection of this part of the town, including
detailed studies of the retarding effect of such structures against slushflows (Margreth, 2015).
Hestnes and Sandersen (2000) discuss mitigation measures in the track of slushflows. They
recommend catching dams to restrict the run-out of slushflows and breaking structures as used
for retarding debris flows, for retarding the flows, upstream of the dams. They do not suggest
stopping such flows.

::::

Figure 1 Aslushflow in Western Norway in May 2010 (Hestnes et al., 2011). A newspaper
clip from Morgunbladid of slushflow debris in Patreksfjordur, Northwestern Ice-
land in January 1983.

A few experimental studies on the velocity profile and viscosity of slushflows have been
conducted (Jaedicke et al., 2008; Upadhyay et al., 2010). Jaedicke et al. (2008) additionally
measured impact pressure on an obstacle in the flow path, measuring the highest pressures as
the flow front hit the obstacles. Small scale experimental studies of granular flows have shown
similarities between granular flows and shallow water flows and indicate that shallow-water
theory may be directly applied to calculate phenomena such as shocks (hydraulic/granular
jumps) in the interaction with obstacles (Savage, 1979; Brennen et al., 1983; Gray et al., 2003,
Hékonardottir and Hogg, 2005). Dissimilarities have also been observed in small scale experi-
ments with water. Hakonardéttir and Hogg (2005) report on short-lived water jets moving up
obstacle faces in the initial impact, with run-up or splashing exceeding the run-up calculated
from energy conservation. This behaviour is not observed to the same extent in impacts of
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granular flow with obstacles. The difference is ascribed to the incompressibility of water,
whereas the granular flow front is dilute and compressible. Similar splashes may be observed
in violent and destructive ocean wave impacts on harbour walls, see Figure 2.

ar = T o~ 3

Figure 2  Stay away from the seafront: Waves crash against the promenade in Aberystwyth,
Wales, as strong winds and high tides continue in western Britain. Taken from the
Daily Mail article 2534511.

The goal of the experiments presented in this paper is to identify an engineering design that
effectively stops slushflows upstream of an approximately 10 m high catching dam, where a 1—
3 m thick slushflow at the speed of 10-20 m/s may be expected (Froude number between 2 and
5). We draw upon experience in the design of dams and mounds for retarding dry-snow
avalanches (Johannesson et al., 2009) of ocean breakwaters (van der Meer and Sigurdarson,
2017; Bruce et al., 2009; Najafi-Jilani and Monshizadeh, 2017), wave impact theory (Cooker
and Peregrine, 1995), and the design of obstacles (baffle/chute blocks) in dam spillways and
bottom outlets of hydropower plants to dissipate the energy of the flow (Peterka, 1984).

2. THEORY

2.1 Scaling
The Froude number of a free-surface flow, upstream of an obstacle, is an important
dimensionless parameter which is given by

u?

Fr? = (1)

where u is flow speed, h is flow depth and § is the slope angle. The Froude number is commonly
used to scale free-surface fluid flow, if viscous effects are negligible. It measures the speed of
the flow relative to the speed of the small-amplitude surface waves. Issler (2003) suggests that
for dry-snow avalanches Fr is in the range 5 to 10. We find that the Froude number for large
slushflows that may be expected in Patreksfjorour, Northwestern Iceland, is between 2 and 5
on the debris cone, where catching dams may be located (see discussion in section 1).

ghcos&'’

2.2 Splash

Hékonardéttir and Hogg (2005) observed pressure-induced splash in the initial impact of high
Froude number water flows and dams. The splash height may be calculated from pressure
impulse by Cooker and Peregrine (1995).
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2.3 Energy conservation
The maximum run-up of a snow avalanche on a catching dam has traditionally been determined
from point-mass energy conservation (Salm et al., 1990; Rudolf-Miklau et al., 2015).

2.4 Ballistic trajectories

Jets of fluid or granular flows over relatively low obstacles (H/h: = 1-5, where H is obstacle
height) have in laboratory experiments been observed to follow ballistic trajectories.

2.5 Hydraulic jump

The flow depth for an upstream propagating hydraulic jump may be determined from classical
analysis of two-dimensional hydraulic jumps, mass and momentum fluxes are conserved across
the jump, but mechanical energy is dissipated (Hager, 1992). The hydraulic jump for flows with
Froude numbers between 2.5 and 4.5 is unstable and oscillating. Dissipation of energy flux over
the jump is 0.15 to 0.45 (Hager, 1992). Interestingly, the hydraulic jump for flows with Froude
numbers between 1.7 and 2.5 is weak with series of small rollers.

3. EXPERIMENTAL SETUP AND DESIGN

Slushflows are a partly-saturated mixture of water and snow, with a range from almost pure
water to very wet snow mixed with mud and rocks. We use water to study slushflows, since
slush is hard to produce in a consistent manner and scale in the laboratory. By using water, we
enhance the difference with granular flows and the interpretation of the results is simplified.

The experimental chute is approximately 9 m long and 1.2 m wide, with a 6 m® tank at the
upstream end, 1.5 m higher than the horizontal part of the chute, see Figure 3. Water is released
from the tank with a quick release valve, to imitate dam break. The system is based on the design
of wave simulators, to recreate run-up of ocean waves on flood banks at a large scale (van der
Meer, 2001). The valve is 1 m wide and 0.3 m high. Water is released from the tank onto a chute,
with obstacles for testing on a level section near the end of the chute, see Figure 3.

Figure 3 Setup C.6. The experimental chute is 9 m long and 1.2 m wide with a 6 m? tank.

3.1 Scaling

The experimental setup was designed based on Froude number scaling of the flow and length
scaling of 1:10 (lab.:field), as is common in wave experiments (Bruce et al., 2009) and the
following scaling arguments:
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Viscous effects: The Reynolds number in these experiments is calculated to be approximately
3-10°, which is sufficiently high that viscous effects may be neglected.

Froude number: Fry = 3-5, as for large slushflows expected in Patreksfjordur (see section 1).
Flow depth: The flow depth is scaled by a factor of 10.
Dam height: Haam / h2 > 1, where hz is the depth of a stationary hydraulic jump.

Mound height: Hmound/ h1 = 2-3, based on experimental results of optimum mound heights in
granular flows (Hakonardéttir et al., 2003b; 2003c).

The ratio of the width of the chute to the width covered by obstacles: Bmounds/Dchute = 0.5 and
Bdam/behute = 1.

Rock size: Dfielg = 10 Diab, Where D is the diameter of rocks in the rock dams, to ensure scaling
of impact forces vs. weight (horizontal resistance) and void ratio. The rock size scaling is
derived from Froude number scaling and the ratio of the force due to dynamic pressure
and a resistance force, proportional to the weight of the rocks.

Flow speed: Ufietd. = 102 uian,, derived from the Froude number and flow-depth scaling).
Time: trietd. = 1072 tiap..

3.2 Dam setup and experimental procedure

In each experiment, the tank is filled up to a depth of 0.9 m and 2.7 m® of water released
instantaneously onto the chute. The vertical drop from the initial water level onto the horizontal
chute section is 2.7 m.

The flow speed on the chute was measured at three locations, upstream of the obstacles as a
function of time, using a A-Ott C31 propeller current meter (relative accuracy £2%). The flow
depth was measured visually from video recordings (25 frames/s). Each experiment was
repeated three times and captured on video. The volume left on the chute after each experiment
was calculated from the depth of the remaining fluid on the chute. The measurements are
inaccurate for relatively little overtopping (estimated accuracy +0.1 md).

A catching dam was located at the lower end of the chute. The different dam setups tested are
listed in Table 2 and Table 1. Setup A comprises impermeable dams inclined at different angles
to the chute (horizontal) between 34° and 100°. Setup C comprises permeable rock dams and/or
rock berms. Setup B, entails experiments with mounds upstream of the impermeable dams in
setup A.

Table 1  Setup B. Experimental setups of one and two rows of low obstacles (mounds and
dams) upstream of an impermeable catching dam.

Setup Omounds  Oldam No. of rows
no. (°) (°) upstream Description
B.1 90 90 1 One row of mounds + a steep catching dam (A.1)
B.2 90 90 2 Two rows of mounds + a steep catching dam (A.1)
B.3 90 75 1 1 row of mounds + 75° catching dam (A.2)
B.4 90 34 1 1 row of mounds + 34° catching dam (A.4)
B.5 90 90 1 1 low catching dam + vertical dam (A.1)
B.6 90 90 2 2 low catching dams + vertical dam (A.1)
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Table2  Setup A and C. Experimental setups for a single dam at the end of the experimental
chute. The dam height is 1 m and Hgam/h1 = 7-12. The rock berms and rock dams
are 0.5 m thick and span the width of the chute.

Setup no. ddam (°) Description
Al 90 Vertical front face. Control experiment
A2 75 Typical steep avalanche dam
A3 60 Steep avalanche dam
A4 34 Typical soil dam
A5 95 Overhanging dam, e.g. harbour wall
A6 100 Overhanging dam, e.g. harbour wall
c1 90 1m high, steep 0.5m thick rock dam, rocks fixed, no back plate (the
dam is permeable)
C.2 33+90 0.5 m high, 33° berm of fixed rocks on a steep rock dam
C.3 33+90 0.5 m high, 33° berm of loose rocks on a steep rock dam
C4 90 1 m high rock berm on a steep, impermeable dam face (A.1)
C5 90 0.5 m high, steep rock dam.
C.6 90 +90 0.5 m high rock berm on a steep, impermeable dam face (A.1)

4. ANALYSIS AND RESULTS

4.1 Chute flow: Experimental setup without obstacles upstream of the dam

The flow on the chute is turbulent and lasts for approximately 9 s. The front is thin, fast flowing
and short, see Figure 4. The body of the flow is thicker and slower and remains semi-steady for
approximately 1.5 s. The tail of the flow is decelerating and thinning for the remaining 5 to 8 s.
The surface of the flow is irregular. The irregularities are characterized by two length scales, a
larger scale (order of 1 m) and a smaller scale (order of 0.025 m).
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Figure 4  The flow speed and flow depth 0.5 m upstream of the catching dam as a function
of time for 2.7 m® of water released from the tank and the experimental setup
without obstacles upstream of the dam.
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4.2 Impact with catching dams: Experimental setups A and C

Photographs of three distinct faces in the impact of the flow with an impermeable dam (setup
A.1) and a permeable dam (setup C.1) are shown in Figure 5. Upon impacting the catching dam,
the flow splashes high up on the dam face (Figure 5 A). This initial interaction is short lived,
typically lasting just 0.06 s, which corresponds to one frame of the video recordings, although
the evolution of the splash-up the dam face can be readily followed for 0.7 s. The jet then
collapses upon the flow that is moving up the dam face. The run-up is then reduced and a semi-
steady fountain that overflows the dam forms and prevails for approximately 1 s (Figure 5 B).
These fountains resemble violent wave impacts on ocean walls following the initial splash (see
Figure 2). Water continues to pile up at the dam face and the fountain collapses approximately
1.7 s after the initial impact. A hydraulic jump then forms in 0.2 s (Figure 5 C). Splashing over
the dam is reduced but is present until the hydraulic jump has propagated approximately 2 m
up the chute or over twice its width.

4.2.1 Setup A: Interpretation

The most effective impermeable dam setup in terms of the volume of overflow is setup A.6,
with a steeper than vertical dam face. The least effective setup is A.4 with a dam face sloping
at 1:1.5 (34° to the horizontal). No difference was observed in the depth of the hydraulic jump
for the different setups.

4.2.2 Setup C: Interpretation

The most effective rock dam setup is setup C.1. Setup C.2 with a berm sloping at 34° is least
effective and the only rock dam setup with overtopping. The rocks in the berm in setup C.3,
become mobilized during the first two flow phases. The rocks had been arranged at the dam
face, but were loose, as is common practice for ocean breakwaters. The rock size 0of 0.1-0.2 m
is comparable to rocks of size 1-2 m in the field. Setups C.4 and C.6, with a 1 m and 0.5 m
high, respectivly, steep, 0.5 m thick rock layer upstream of a dense, steep catching dam (A.1),
yielded similar results as setup C.1.

A. Splash I! . ,
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Figure 5 Experimental setup A.1 and C.1. The dashed black lines note the maximum run-up
and the dashed white curves enhance the water table in the rockfill. The horizontal
grid spacing on the chute is 0.1 m. A. Initial splash, approximately 0.6 s from
impact. B. Fountaining, approximately 1.25 s from initial impact. C. Hydraulic
jump, approximately 2 s from initial impact.

4.3  Impact with combinations of mounds and catching dams: Experimental setup B
Photographs of three distinct faces in the impact of the flow with two rows of small mounds
upstream of an impermeable catching dam (Setup B.2) are shown in Figure 6. A high splash is
observed upon the impact with the upper row of mounds. The splash is abrupt, and rises
vertically for 0.6 s. The splash collapses over both rows of mounds and also partly upon the
upward moving flow and a semi-steady jet is launched over the mounds. The jet lands upstream
of the lower row of mounds. A splash is not observed at the lower row of mounds but a jet is
formed, smaller than at the upper row. Neither a splash nor fountaining is observed at the face
of the catching dam at the end of the chute. Rather a hydraulic jump is formed immediately
after the impact.

4.3.1 Interpretation

Setup B.2, with two rows of breaking mounds upstream of the catching dam, is most effective
and setup B.4 with a dam corresponding to a construction of loose materials is least effective.
Setup B.1, with one row of mounds, is almost as effective as setup B.2 with two rows.
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Figure 6  A. Initial splash, approximately 0.6 s after the initial impact (left). B. Semi-steady
flow phase, approximately 2 s after the initial impact. The measured flow speed at
the upper row of mounds is u; = 5,0 £ 0,25 m/s. The throw angle, 0 is 67° and 71°,
at the upper and lower row of mounds, respectively. C. Propagation of a hydraulic
jump, approximately 2.5 s after the initial impact. The jump has caught up with the
lower row of mounds.

5. CONCLUSIONS AND FURTHER STUDIES

The following main results have been observed in the impact of high-Froude number water
flow and impermeable catching dams (experimental setup A):

e The initial impact with a dam is violent and a pressure-induced jet shoots up the dam
face over twice as high as energy conservation would suggest. This phenomenon is also
observed in violent wave impacts with harbour walls.

e The splash collapses after the initial impact and fountaining is observed prior to the
onset of a hydraulic jump, approximately 2 s after the initial impact, or 6 s at the natural
scale. Overtopping of the dam occurs during this period. The fountain height is com-
parable with the energy height if no energy is dissipated in the impact with the dam.

e Overtopping decreases with a steeper dam face and is eliminated in the case of a 100°
dam face.

e Overtopping may also be reduced or eliminated by reducing the initial splash height at
the dam face, with:

- Arow of steep mounds upstream of the dam.

- A permeable steep rock dam or a steep rock berm at the upstream face of an
impermeable dam.
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e Impact forces are high enough to move 0.1-0.2 m wide rocks or 1-2 m boulders at the
natural scale.

Many questions about the effective design of catching dams to contain slushflows remain
unanswered and we raise a few of them here:

e Debris may pile up upstream of dams and mounds in an impact of a slushflow with such
defence structures. If a second slushflow is released shortly after, the effectiveness of
the protection measures may be reduced. The debris may form a ramp for a secondary
release to shoot up.

e Wave-like instabilities or surges and roll waves have been observed in slushflows with
Fr close to 1. Those may reduce the effectiveness of dams because of secondary impacts.

e The damping effect of a rock berm may depend on the width of the rock layer that water
is ejected through. The width of the rock layer in the experiments was 0.50 m or (2.5—
5) D, where D is the diameter of rocks.

e Ifthe voids in a rock dam or a rock berm have filled with ice and snow over the winter,
the rock dam will not dampen the initial impact. The slushflow may also fill the voids
and reduce the damping effect.

e The observed mobilization of rocks in the berm in experiment C.3 indicates that erosion
of mounds built from loose materials by rapidly moving slushflows may quickly reduce
or eliminate their effect on the flow, even for large rock sizes. Erosion protection may
be an important aspect of the design of slush flow protection measures of this type.

Previous laboratory studies on the impact of granular flows with obstacles, conducted at small
length scales (1:100), show granular jumps upstream of catching dams, with a depth readily
predicted from shallow-water theory. A substantial difference between granular flows and
water flows is, however, observed in the first two impact phases (splash and fountaining):

e A granular splash is hardly observable.
e Fountaining is not observed.

e The transition from the initial impact to a granular jump happens almost instantly, or
much more quickly than in water flows.

This difference is ascribed to a dilute flow front of the granular flows that is able to compress
considerably, whereas water is incompressible (Hakonardoéttir and Hogg, 2005). A difference
is also observed regarding energy dissipation in the impact with mounds. In granular impacts,
a considerable dissipation of energy occurs at the mound face (Hakonardottir et al., 2003b,
2003c), which is not observed in water impacts. The mixing of streams from individual mounds
and the turbulence during the landing on the chute may account for the dissipation of the energy
in the water flows. Air drag may add further to the dissipation at larger scales (J6hannesson et
al., 2009).
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