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Abstract. Flexible barriers can be used within channelized
riverbeds as an effective and efficient alternative to protect
from debris flows. Their retention capability strongly de-
pends on the size of the mesh openings and the gap between
the lower barrier edge and the channel’s floor. The question
is now whether there is a relation between the grain size dis-
tribution of the debris material and the openings of a flex-
ible barrier. Small-scale laboratory tests were performed to
study these loading aspects of flexible debris-flow barriers
for the Milibach river (Canton Berne, Switzerland). In situ
debris material has been used to quantify the influence of
different mesh sizes and the gap between the lower barrier
edge and the riverbed compared to the dgg grain size and the
flow height, where dg is the maximum diameter of 90 % of
the grains. It was possible to study the filling process and
the retaining behaviour of the barriers as a function of the
mesh size. A reasonable retention was reached with the net
having a mesh size and a basal gap smaller than or equal to
dgp. These relations could be transferred to the field. A di-
mensional analysis reveals possible dimensionless numbers
that can be used to scale the laboratory results. The findings
are supported by the results of similar laboratory tests using
debris material from different locations and by the available
field measurements.

1 Introduction

Flexible debris-flow barriers derived from rockfall and
snowslide protection systems are an innovative protection
measure against small- and medium-sized debris flows (see
example in Fig. 1). The flexibility of the system enables a

soft stop of the impacting material by providing an elongated
braking distance. The typical net structure is light compared
to concrete check dams and can be installed in mountain re-
gions, even without using a helicopter. The main retention
mechanism of such barriers is the dewatering of the debris
through the net structure forming a kind of dam that in turn
stops the following debris.

Designing a debris-flow barrier according to, for example,
Wendeler (2008) or Volkwein (2014) also includes aspects
regarding the capability of the barrier to retain the impacting
debris material: apart from loads acting on the components
also the geometry of the openings of the barrier’s mesh and
the gap between the barrier and the riverbed play a signifi-
cant role. If the openings are too large no material is retained.
If they are too small, clogging occurs prematurely without
any possibility of letting fine material pass through and drain-
ing the retained debris.

In the study presented here the opening sizes are investi-
gated for a flexible debris-flow barrier in the Swiss Milibach
river (Monney et al., 2007; Schatzmann, 2006; Roth et al.,
2006). For the study, small-scale laboratory tests were ex-
pected to deliver results that can then be upscaled to the field.
Six laboratory tests with debris-flow material taken from the
river Milibach were carried out with net barriers of different
mesh sizes and with basal gaps between the lower net edge
and the channel bed in relation to the grain size distribution.

To investigate the loading aspects of debris-flow barrier
systems, laboratory tests as described in Canelli et al. (2012),
Moriguchi et al. (2009), or Wendeler (2008) are useful. How-
ever, special care is necessary when upscaling the results
of laboratory tests to the field (O’Brien and Julien, 1988;
Schatzmann, 2005; Gubler, 2007; Iverson, 2015). The lab-
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Figure 1. Filled debris-flow barrier in the lllgraben, Switzerland
(Wendeler, 2008).

oratory chute of the Swiss Federal Research Institute WSL
(Weber, 2000) enables tests with artificial debris flows from
natural debris material impacting different barrier systems.
Wendeler (2008) used this chute to examine different mesh
stiffness’s and mesh sizes in 60 tests with material from the
Swiss river lligraben and from the Trachtbach torrent. The
tests also allowed one to study the stopping and overtopping
processes of the barriers, and their results were also used to
support the six tests presented in this study. The multiple tests
also allowed the creation of a database that helps in the di-
mensional analysis presented in Sect. 4.1. In this section, rel-
evant dimensionless numbers are explained and their range is
found for laboratory tests and field measurements as shown.

2 Test details

Above the two villages of Hasliberg and Meiringen in
Switzerland the river Milibach is fed by the rivers Louwe-
nenbach and Schluochtbach. The narrow valley of the river
Schliiochtbach is mainly composed of moraine material
whereas that of the river Louwenenbach is composed of
strongly weathered schist material as shown in Fig. 2. The
debris-flow material was taken from the Louwenenbach river
and transported by helicopter and truck. Block sizes up to
1.25m are found in the debris, whereas the dgg grain size is
estimated to be around 0.3-0.5m.

The laboratory chute consists of two main parts. The first
one is a 0.15m? start reservoir followed by an acceleration
section. The second part is a 3.88m long and 30cm wide
channel in which velocity and flow height measurements are
carried out (see Fig. 3). Four laser devices are installed along
the channel to measure the current flow height (Fig. 4). The
data sample rate of 2.2 kHz allows the detection of fast pass-
ing objects and also captures the debris-flow front properly.
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Figure 2. The schist material in/of the Louwenenbach riverbed.
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Figure 3. (a) Layout of the chute with its variation of the inclination
and (b) photograph of the chute at the WSL laboratory.

The local velocity of the front is back-calculated from the
front arrival and the time span between the laser devices.

A so-called “sledge” is situated at the lower end, in front
of the channel, which is axially supported. On this sledge dif-
ferent types of barrier can be installed (Fig. 5). Two load cells
measure the forces in the flow direction during the impact.

To obtain a redundant confirmation of the impact velocity,
high-speed cameras are placed on top of and in front of the
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Figure 4. (a) Four laser devices along the channel measuring the flow height and allowing the determination of the front velocity. (b) Example
diagram of the measuring results of a debris flow passing the four laser devices. The blue curve corresponds to the laser installed on top of

the barrier. It measures the filling height.
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Figure 5. Photograph of the sledge in front of the chute with load
cells and a filled barrier.

sledge to record the filling process. Their images are post-
analysed over time. After the test, a laser device mounted on
a linear guide unit scans the topography of the channel and
the filled barrier with a raster size of 7.5mm in the longitu-
dinal and transversal directions. From this raster data a topo-
graphic map of the retained debris-flow volume (Fig. 6) and
the cone inclination behind the barrier can be calculated.

Each laboratory test is carried out as follows: first, a certain
amount of debris is mixed with water in a concrete mixer. The
mixture is then placed in the release box of the laboratory
chute. Then an immediate release of the material takes place
to avoid segregation of the mixture. To ensure the complete
release of all the material, the front wall of the box opens at
once. This action also triggers the measuring system.

At the lower end of the chute, the mixture is caught by the
installed barrier. The front speed and deposition mass bal-
ance are analysed afterwards. The barriers used for the tests
were made from small rope nets that usually can be found for
the goals of ball games.
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Figure 6. Topographic profile of the channel after test 43.

The numbering of the tests follows the naming convention
a-b-w-V, where a is the test number, b describes the chute’s
inclination in percent, w is the volumetric water content and
V is the material volume in litres (e.g. 01-55-0.30-100).

The determination of the volumetric water content w of
test mixtures requires the prior determination of the residual
gravimetric moisture of the solid material before the test by
drying the material for 24 h at 105°C and weighting it be-
fore and after. The resulting mass difference m in relation to
the initial solid mass represents the gravimetric residual wa-
ter content wg. The necessary masses of solids mgs and water
my for a given total volume V and with the desired volu-
metric water content w of the mixtures are then determined
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Table 1. Test run overview.
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Test* Mesh size/basal gap  Water content  Retained volume  Comments
40-50-0.40-50 3cm/- 40% - Debris flow stopped before barrier
41-50-0.50-50 3cm/- 50 % 30dm? Muddy debris flow
42-50-0.45-50 3cm/- 45% 30dm3 Typical debris-flow front
43-50-0.45-50 3cm/3cm 45% 30dm3 Typical debris-flow front
44-50-0.45-50 3cm/6cm 45% - Typical debris-flow front
45-50-0.45-50 4cm/- 45% 25dm3 Typical debris-flow front
46-50-0.45-50 6cm/- 45% 22 dm3 Typical debris-flow front
* test no. — inclination of chute — water content (%) — total start volume
accordlng to 10/00 Clay Silt Sand Gravel S:tg__n_es
90[)—. /
ms = psV (6N g;/ !
1—wR o
my=wpsV —wrms, 2 60
50
where pr and ps are the densities of water and solids. ‘3‘2
20
3 Test results == Sl x|

3.1 Test material

An overview of the laboratory tests carried out with addi-
tional results is provided in Table 1 with the details of the
single material mixtures according to the above naming con-
vention. Sieve analyses of the natural test material were car-
ried out to obtain information on the grain size distribution.
Ninety percent of the grain sizes of the used material were
smaller than 3 cm (Fig. 7); that is, the dgg grain size was 3cm.

The water content was varied to obtain granular debris-
flow fronts. The first test had a water content of 40 vol%. It
was found to be too small to obtain an adequate debris flow
because the flow came to rest without reaching the net de-
spite having the highest possible inclination of the chute. The
next test was a very muddy-looking debris flow with a higher
water content of 50 %. The subsequent tests all had a water
content of 45 % producing well-shaped and granular debris-
flow fronts.

The flow heights decreased continuously from 30 cm at re-
lease down to 5cm at around 4 mm close to the barrier.

3.2 Retained volume

The tests were started with a mesh size equal to the dgg grain
size in order to see whether the debris is retained or not.
Based on the result, it could be decided whether and how
to change the mesh size for the subsequent tests. In addition,
the gap between the barrier and the riverbed was also chosen
as 3cm, i.e. equal to the dgp grain size. Both the mesh size
and also the gap of 3 cm worked well and nearly all the debris
was retained.
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Figure 7. One of five sieving curves of the test material.

Afterwards bigger mesh sizes and bigger gaps were tested.
With a wider mesh size of 4 cm about 80 % of the debris at
a dgp grain size of 3 cm was still retained. The 6 cm mesh size
still retained about two-thirds of the debris. With a 6 cm basal
gap underneath the barrier with a 3cm mesh sized barrier
no debris was retained at all. The flow height in the chute
of this test was 7.cm and all the debris passed beneath the
barrier. Summarizing, a good retention effect of the barrier
was achieved with a mesh size and basal gap equal to the dgg
grain size whereas the limit size of the mesh is twice the dgg
grain size. For details on mesh size and the basal gap, see
Table 2 for the situation before and after the individual tests.

3.3 Velocities and impact forces

The velocity development of the 45 % water content tests is
shown in Fig. 8a. The 43, 44 and 45 (Table 2) test veloc-
ity profiles are quite similar. The 42-50-0.45-50 velocity is
missing because of a defect laser signal from the uppermost
laser. Test 46 turned out to be an outlier because the velocity
at the third laser is 4.5ms~! and consequently higher than
the others with only 3ms~1. The reason was identified by
an increased percentage of fine material in the debris mix-
ture because test 46 used the remaining material from the
box which has been filled in the field and this rest contained
more fine material.

The impact velocity was nearly the same in every test with
3.5ms~ L. In Fig. 8b a plot of the measured forces in function
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Table 2. Overview over the tests and the retained volume.

Test number Before the test

After the test

41-50-0.50-50
42-50-0.45-50
43-50-0.45-50
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Figure 8. (a) Velocity profile along the channel length and (b) im-
pact forces of the tests versus the impact velocities.
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of the impact velocity is shown. The highest impact force oc-
curred in the second test with a water content of 50 %, and
for this reason there was also a higher impact velocity. The
six tests with material from the river Louwenen are too few
to make a final statement regarding the relationship between
impact forces and impact velocities, but it is obvious that
higher impact velocities result in higher impact forces.

4 Comparison with field conditions — scaling effects
4.1 Dimensional analysis

If a physical model should reflect the natural processes on a
scalable basis, the criteria for the geometric, kinematic, and
dynamic aspects must be similar (Jirka, 2001). For each sim-
ilarity special so-called dimensionless parameters can be de-
fined reflecting the scaling between model and field. The ge-
ometric similarity is based on constant quotients; the Kine-
matic and dynamic similarities are based on time-dependent
variables such as accelerations, forces, velocities or impact
durations. In general, it is difficult to fulfil all similarities but
a compromise has to be found reflecting the relevant factors.
For example, finding a dynamic force similarity is quite im-
possible because of the mostly unscalable internal friction
values of the fluids used (lverson, 2015).

The dimensional analysis is based on the input parame-
ters relevant for a debris-flow impact process as shown in
Table 3 (Wendeler, 2008). In total, 12 parameters were de-
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Table 3. Input parameters for a dimensional analysis.

Debris-flow parameters Symbol  Dimension
change of dynamic pressure AP [F/L?]
average velocity Ufront [L/T]
average width of riverbed/barrier b [L]
density of debris [FT2/L%
relevant debris-flow volume Vv [L3]
gravitation g [L/T?]
kinematic viscosity v [L2/T]
inclination of channel ® [—]

dgg grain size dgo [L]

flow depth/height hfl [L]
Interaction with the barrier

residual height hy, [L]

mesh size M [L]

filling time timp [T]

fined regarding the 3 different dimensions of force F, length
L and time T'. According to the Buckingham theorem (Buck-
ingham, 1915) this results in the nine dimensional numbers
listed in Table 4.

The number I1; is often called the drag coefficient in hy-
draulic engineering. It clarifies the stream pressure on an ob-
stacle within a flow regime. I, reflects the Froude num-
ber Fr, which describes the quotient between internal and
gravity-driven forces. It classifies the flow regime of open
channel flow processes as opposed to the Reynold’s number
Re, which describes the quotient of mass-dominated forces
compared to viscous forces in a pressured flow and is ex-
pressed by IT3. However, a physical hydraulic model will
never fulfil both numbers, i.e. Froude and Reynold, at the
same time. Iy is related to the dynamic behaviour of the fill-
ing time compared to the different flow surges. I15 represents
the nominal length of a debris-flow surge using the volume
of the filling surge and the impacted section of the debris-
flow net. Tlg relates to the grain size distribution over the
flow height of a debris flow and is estimated as a very impor-
tant number to interpret the basal opening and mesh opening
criteria. However, the dgg grain size in a real debris flow or
deposition zone is not easy to find. IT7 is the quotient of the
residual net height after the filling of the barrier to the flow
height focussing on the number of filling steps for a com-
plete filling of the barrier (Wendeler, 2008). ITg is the mesh
opening size compared to the dgg grain size describing the re-
tention behaviour for different mesh sizes. Ig is the internal
friction value of the material in a steady-state flow and is an
important parameter for the energy balances of flow regimes.

The above dimensionless numbers have been classified in
Table 4 according to their importance for the tests because
not all numbers can be fulfilled at the same time. Table 4 also
includes the results obtained for the different dimensionless
numbers from more than 60 laboratory tests with material
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Table 4. Dimensionless numbers for 70 debris-flow impact tests and
from field measurements with classification a — important, b — less
important, ¢ — not relevant (Wendeler, 2008).

Number Laboratory Field Relevance
M = AP/pv? 0.1-1.0 0.7-2.0 a
My = ghy/u? =1/Fr2  0.7-7.0 0.4-4.0 a
I3 = v/uhgy = 1/Re 100-1000  600-10° c
My = timpu /1), 0.8-18.0  2.6-4.0 a
M5 = V/(h3b) 10-185  120-700 a
Ig = dgo /R 0.2-1.2 2.0-10.0 b
M7 = h) /hf 1.5-7 1.6-8 a
Ig = M /dyg 0.3-2.0 1.2 b
Ig = tan® 0.25-0.5  0.08-0.3 c

from the rivers lllgraben Trachtbach and from field events
measured in Illgraben (Wendeler, 2008).

4.2 Interpretation of dimensionless numbers for
Hasliberg tests

If gravitationally driven forces prevail in a flow regime and if
the flow has a free water surface, the Froude number scaling
is a reasonable possibility (Bollrich and Preissler, 1980). The
Froude number Fr=u/\/g-h-cosa (where u is the centre
front velocity, g the acceleration due to gravity, 4 the flow
height and « the inclination of the riverbed) is proportional
to inertial forces and characterizes the flow regime. If the
number is below 1 the flow is subcritical, if it is 1 the flow
becomes critical and bigger than 1 means a rapid flowing
supercritical flow. For interpreting the laboratory model to
the field, the Froude number ideally is similar for both the
laboratory and the field for a free surface flow (Rickenmann,
1999; Weber, 2000; Iverson, 2015).

Table 5 lists the Froude numbers we obtained from the
six laboratory tests ranging between 2 and 5. Such numbers
are rather high for debris flows (see Table 4). In the Swiss
Illgraben Froude numbers ranging only 0.5-2 were deter-
mined (B. McArdell, WSL, personal communication, 2015).
The large laboratory Froude numbers developed due to the
large inclination of the chute. However, the expected large
discharge in the Milibach river delivers also a high Froude
number of about 4 according to Schatzmann (2006). Thus,
the Froude numbers of the laboratory tests are in the same
range as expected for the field scenario and we therefore es-
timated our laboratory tests to correctly reflect the reality.
This similarity now allows us to also transfer the geometrical
relations from laboratory tests to the field.

Transferring the geometrical mesh parameters, the best
mesh size can now be evaluated. Referring to a laboratory
dgo grain size of 3cm, which at the same time is the mesh
size of the barrier, we obtain an ideal field mesh size of
30cm based on an estimated dgg = 30cm in the Hasliberg
catchment (largest boulder found had a diameter of 1.2m
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Table 5. Results of laboratory tests compared with design values in the field (Qmax — max. discharge, Hmax — max flow height, umax — max.

front velocity, Fr — Froude number).

umax (M s Hmax (cm) Fr

Milibach@ 18 200 4,152
Laboratory test no. Measurement at laser no.

1 - 3 1 - 3 1 - 3
41 276 — 416 20 — 5 2084 — 6.281
42 378 —» - 45 — - 6.016 — -
43 275 — 348 17 — 7.1 2252 — 4.409
44 277 — 368 22 — 6 1994 — 5.072
45 279 — 318 16 — 6 2355 —  4.369
46 271 — 447 19 - - 2099 —» -

2 design slope inclination 16.7°, max. discharge 100-150 m3s—1

— no measurement

in Fig. 2). Therefore, we recommend that the mesh opening
size for the best blocking effect ideally has 30 cm. Experi-
ence from the field in the Swiss lligraben (Wendeler, 2008)
with mesh sizes of 30 cm and an estimated dgg of 30-50cm
resulted in well-retained debris-flow material.

Looking at the basal opening, the distance between the
channel bed and the lower support rope, it was found that
I1g, I17, and I1g are decisive and fulfil the requirements in
a certain range in Table 4. The best retention behaviour was
achieved for a laboratory basal opening of 3 cm compared to
a flow height of 5¢cm in front of the barrier. Therefore it was
recommended that a relationship between flow height A5 and
basal opening i, would be

ha = 1.5hy 3)

for an optimized retention capacity of the barrier. This for-
mula was also applicable to the Iligraben in 2006 where
a basal opening of 0.5m resulted in a good filling process
for a flow height of 1 m at the debris-flow front (Wendeler,
2008).

5 Conclusions

The series of six laboratory tests with debris-flow material
out of the Louwenenbach/Milibach at Meiringen/Hasliberg
prove that it is possible to study the filling process and the re-
taining behaviour of the barrier depending on the mesh size.
A reasonable result was found with both a net mesh size and
a basal gap of 3cm. Almost all the debris material was re-
tained even if 90 % of the investigated debris material grain
size was smaller than 3cm. The gap between the mesh and
the channel floor also had a size of dgg to retain the oncoming
debris material. The results of the laboratory tests are helpful
for the design and construction of new debris-flow barriers in
the Hasliberg region.

In general, laboratory tests are always difficult to trans-
fer to actual field conditions because of scaling problems

www.nat-hazards-earth-syst-sci.net/15/2597/2015/

(Wendeler, 2008; Canelli et al., 2012; lverson, 2015). How-
ever, a dimensional analysis provides suitable factors to scale
the physical tests to the field. Adequate dimensionless num-
bers fulfil the geometric, dynamic or kinetic aspects having
a similar range in the laboratory and in the field. In the ac-
tual case, Froude similarity has been used. Good retention of
debris material is achieved with mesh opening sizes not big-
ger than dgg grain size and the basal opening ., not bigger
than ks = 1.5 h,. These conclusions are based on the results
of the actual tests, but other material tests produced similar
results (Wendeler, 2008).

An interesting step would now be to study large-scale ar-
tificially released debris flows such as in South Korea (Paik,
2013). The sieving curves of the released material deliver the
dgo grain size and — if installed — the performance of a flexi-
ble barrier can be evaluated. This closure of the gap between
small-scale and full-scale debris flows enables an improve-
ment of the scaling procedures shown here.

The full design of barriers in the field as for example
described in Volkwein (2014) or Wendeler (2008) can also
be proven once again and verified and maybe optimized.

Edited by: A. Glnther
Reviewed by: three anonymous referees
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