
4.5 Measurement Results of the Test Barriers
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Figure 4.29: Bed inclination before initial barrier installation in 2005 (left), bed inclination
before barrier installation in 2006 (center) and bed inclination with filled barrier in 2006
(right). Legend: Längsprofil = longitudinal profile.

Figure 4.30: Top of the net in relation to the anchors in May 2006 after the filling event
and in Nov. 2006 after several overflow events. Legend: Ankerpunkte = anchorage points;
Netzoberkante = top net edge; Höhe Netzpunkte = height level of points on net edge; Netzlänge
= position along the net.
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4.6 Analysis and Interpretation

4.6.1 Debris-flow Data Observation Station

In the course of the studies, it was found that the site of the test barrier in the Illgraben
was an ideal choice. The measurement instruments and the debris-flow data of the
debris-flow observation station already present formed ideal conditions for a complete
debris-flow evaluation. The following findings came to light:

• The measured values of the shear wall have a hyperbolic pressure profile within the
front and a hydrostatic pressure profile in the subsequent, well-mixed debris-flow
tail. The measured values of the hydrostatic pressure profile were also confirmed at
the same time by the vertical load measurement at the balance.

• A precise energy analysis of the balance data allows the individual energy contribu-
tions in the debris-flow process, which play a role in the subsequent load approach,
to be estimated (see section 6.2.4).

• If all the measurement equipment in the Illgraben is taken into consideration, the
flow depth hfl, the shear stress τ , the normal stress σ, the average front velocity
ufront and the lateral pressure distribution over the flow depth can be measured as
direct parameters for further dimensioning the barriers. From these, further derived
variables can be determined, such as the density ρ, the acceleration a, the average
velocity um, the rates of change of the kinetic energy K̇, gravitational force Ẇg and
the friction energy Ẇb.

• A newly developed measurement technique for acquiring the barrier data works in
an almost error-free manner and acquires the parameters around the debris-flow
net that are important for barrier design. The flow depth hfl directly in front of
the barrier, the fill level hb of the barrier, the rope forces in the barrier Frope and a
video recording of the events are recorded. Furthermore, geometric variables can be
determined before and after the filling process, such as fill volume Vr, bed inclination
before and after the filling process Is and I ′s and the barrier height after the filling
process h′

b.

4.6.2 Test Barrier Data

Both the barrier layout of 2005 and that of 2006 were able to provide evidence that the
support system of the flexible ring net barriers functions as a whole. It can withstand a
debris flow without restrictions and retain some of the debris-flow stream. The drainage
principle owing to the permeability of the ring net causes the flowing stream to stop
behind the net and effects continuous filling from the streambed to the set net height
h′
b (see section 4.5.1). It has only been possible so far to measure one, rather muddy

filling event. This filling event showed that the greatest loads occur in the lower support
ropes during the filling process. The maximum rope loads here were 230kN , whereas
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the maximum loads in the upper support ropes were only ≈ 60% of the lower support
ropes, with a maximum of 150kN . A back calculation of the measured rope loads to
the effective debris-flow pressure is made in section 6.2.2. The force measurement of
the filling event also confirmed that the occurrent rope forces during the filling process
of a muddy event are well below the maximum breaking force of the support ropes of
400kN (see Table 3.1). However, measured values of the rope loads in the case of a
granular debris-flow front are still not available, because it has not yet been possible to
measure a granular filling event. If necessary, these loads can be calculated using the
approach according to Rickenmann [82] in section 6.3.2, or taken into account with a
higher pressure coefficient in the dynamic fraction (see section 6.3.2).
The elongation of the brakes and the associated energy absorption can clearly be seen
during the filling process by a noticeable reduction in the load level in all support ropes
with brakes. The point in time at which the brakes elongate can also be seen in close
analysis of the video recording and coincides with that of the data recording.
The filling time was rather long at timp = 90s, because it was a very muddy event and
smaller stones and a lot of mud continued to flow through the barrier during the filling
process. The experimental data of the USGS flume in Oregon [23] previously gave filling
times of timp = 1− 4s [82]. This value is significantly lower and occurs rather during the
filling process of a granular debris-flow front. The dynamic dependence over the filling
time timp alone indicates that there will be two types of design method for the filling
process, depending on the type of debris flow. For the design approach to mudflow-like
events and that for granular debris flows, see section 6.3.2.
The measurements of the overflow processes relate to both types of debris flow, both
mudflow and debris flows with granular fronts, that flowed over the barrier and were
measured. The measured values of the overflow events show that the increase in load
during the overflow mainly takes place in the upper support ropes and in the winglet
rope. The size of the increase in load in the upper support ropes and in the winglet rope
was maximum ∆Frope = 100kN , in the lower support ropes only 30kN . The increase in
load in the upper support ropes is therefore 3 times greater than in the lower support
ropes. It depends on the effective normal stress σ and shear stress τ of the overflowing
debris flow (for calculation, see section 6.3.4.5).
Individual blocks do not produce large load peaks, either during the filling process or
during overflow. Although they can be seen in the measurement data by a brief increase
in load of up to 10kN , this was well below the increases in load of the entire debris-flow
effect during filling or overflowing, with only 5% of the maximum force.
Ropes did not break because they reached their maximum breaking force, but rather
owing to badly realized structural details. It was necessary to test and improve these
structural details over the service period of the barriers in the field and by means of three
different barrier designs.

4.6.3 Analysis of Net Details

The following structural barrier details were developed and improved:
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• Brakes should be arranged on both sides of support ropes so that the tensile force
does not have to be transmitted through the entire length of the rope when the
brakes respond. If the support rope is loaded on the side where there is no brake,
the brake can be prevented from elongating by the rope friction, which builds up
along the entire length of the rope. With such a constraint, the rope can break
before the brake can elongate. If the brakes are arranged on both sides, only half
the friction distance has to be overcome before the brake responds.

• On the lower support ropes, it is important to tie the brakes upward with a piece of
wire during installation. This prevents the brakes being blocked by stones or pieces
of wood becoming jammed in them when a flood flows under the net.

• Deflection points for support ropes must be avoided as far as possible. This was
discovered with the 2005 barrier, in which the winglet rope was deflected at the
upper anchor. Deflection points reduce the rope force that can be absorbed owing
to transverse pressure forces, depending on the deflection radius. According to [121]
the reduced breaking force RBF [%] is calculated according to the following rule of
thumb

RBF = 0.0035α +
δ

D
3.66 +

0.1 static loads

0.3 dynamic loads
(4.2)

where α is the deflection angle in ◦, δ is the wire diameter, and D is the sum of
the deflection diameter and half the rope diameter d. According to [121], this rule
of thumb applies to static deflection experiments; for dynamic loads, the last value
changes from 0.1 to 0.3.
No deflection experiments have been carried out yet for Geobinex 22mm support
ropes (see section 3.2.2.1). However, there is some data from rope breakages caused
by deflection for rockfall barriers (see [121]). These can be used to make the fol-
lowing estimations in relation to breaking force minimization. The wire diameter is
≈ 1.2mm. If the deflection point of the winglet rope of nominal diameter d = 22mm
from the 2005 barrier is considered, the rope was deflected by ≈ 45◦ at the flex head,
which has a diameter of ≈ 35mm. According to formula 4.2, there is a reduction
in the breaking force RBP of 55% for dynamic load and 35% for static load. If
one assumes the maximum breaking force of 400kN and reduces this by 55%, this
produces 220kN . This load could quite easily have occurred in the winglet rope
during the overflow of the event on June 27th, 2006 (see Fig. 4.27), which explains
the breakage of the winglet rope in 2005.

• Pressure points caused by clamps, insufficiently large shackles etc. should be avoided
when designing the ring net barrier. This was demonstrated by the breakage in the
upper support rope, to which the winglet rope was fastened with a clamp. The
transverse tensile component of the winglet rope was too great for the support rope.
In addition to the existing transverse pressure, frictional forces presumably occurred
within the clamp and therefore heat caused by the friction. The cold-twisted wires
of the support ropes undergo an additional minimization of bearing load as a result
of heat [121]. Therefore, the rope broke at the clamp at a measured rope load of
≈ 200kN . Such pressure points should generally be avoided when designing the
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ring net barriers. Large shackles for fastening the abrasion protection system and
for fastening the ring net help to reduce these pressure points. The load-bearing
system of the 2007 barrier, in which the winglet rope was replaced by two upper
support ropes, also helps to do this. The two upper support ropes were fastened only
structurally with large shackles to an additional support rope, which served rather
to install the ring net (see Fig. 4.31). The main force component passes through the
two upper support ropes and not through the horizontally extended additional rope
(see Fig. 4.16).

Figure 4.31: Fastening of the winglet rope and upper support rope to the horizontal rope: old
variant with clamps at points (left) and continuous with large shackles (right).

• The DIMO elements in the 2006 barrier system were not pulled owing to the unfa-
vorable load input angle between the middle anchor and the fastening point of the
DIMO elements in the ring net. The tensile force that occurred in the DIMO ele-
ments was not sufficient for them to elongate. Instead, loads occurred transversely
to the pulling direction of the DIMO elements owing to the bulging deformation of
the ring net. In contrast, they are loaded directly in the pulling direction when used
in rockfall-protection structures, owing to the point-like net loading.

• The field experiments indicate a great requirement for abrasion protection for the
upper support ropes. It was found that the L-profile had to be made bigger owing to
large mechanical influences of the overflowing debris flows and that the individual
profiles also had to be connected to each other by shackling. It was also found that
the anti-corrosion zinc coating was almost completely worn away after just one debris
flow. It is therefore recommended that somewhat thicker profiles be used during
dimensioning (see also section 8.4) in order to counteract the abrasion effect and
the corrosion process by means of ”sacrificial steel”. A further possibility consists
in forming the abrasion protection system from stainless steel, e.g. from certain
high-grade steels, but this is a very cost-intensive variant. Corten steel, a steel with
an extra-thick iron oxide (rust) layer on its surface that prevents it from rusting
further, would also be conceivable. However, Corten steel is also expensive compared
to conventional construction steel.

• Two different barrier forms in the Illgraben and three different filled barriers in the
Merdenson (see section 3.4.3) show that the shape of the barriers can be definitively
influenced by varying the load-bearing system. The shape of the barrier that is
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produced in the filled state can influence the load-transference behavior and the
structural corrosion protection of the ring net. Therefore, further experiments were
carried out using simulations (see chapter 7.3).

4.6.4 Analysis of Barrier Geometric Data

With regard to the geometric measurement data of the barrier, the following assumptions
according to [82] were confirmed:

• For the channel slope after the filling process behind the barrier I ′S, it was found
that it became shallower by a factor of 2/3 compared with the original channel slope
(I ′S = 2

3
IS). The channel slope was 11% before installation of the net in 2006, on

May 10th, and 7% after the filling process on May 23rd, 2006 (see Fig. 4.29). In
addition, the bed in the Illgraben rose after initial installation of the net and at the
same time the original bed inclination decreased from 13% (in 2005, before initial
installation) to 11% after one net season (see Fig. 4.29). The measured values from
the Merdenson multilevel structure also confirm the factor of 2/3 of the original bed
inclination (see section 3.4.3). Jaeggi in [57] also mentions a flattening of the bed
as a result of a multilevel structure. He mentions a practical example from the Val
Varuna, where the bed inclination was reduced from 37% to 22% by the arrangement
of several concrete barriers, which corresponds to a slightly larger factor of 3/5 but
is similar to that of 2/3.

• It was also found that the remaining height of the barrier after initial filling was
h′
b =

3
4
·hb (see Fig. 4.30). The settling of the net edge owing to filling of the barrier

was already predicted by Rickenmann [82] with a factor of 3/4. This was confirmed
using field measurements. The original height of the barrier without winglets was
4m, after the filling process it was almost 3m. This settling value of approximately
1m can also be calculated using the displacement of the brakes in the winglet rope.
The upper support ropes are not decisive for the settling of the barrier, because
their anchors are arranged lower down than the winglet rope anchors. They rather
control the distance f , i.e. the deformation of the barrier in the flow direction (see
also section 6.2.2 and 7.3.6). Using the measurement points, an angle of 39◦ was
produced between the winglet rope and the anchor line after the first filling event in
May. The vertical displacement of the brake is then calculated as lbr,v = cos 39◦ · lbr.
The average value of the two brake elongations in the winglet rope during the filling
event was ≈ 53cm on each side. This results in a vertical deformation of 82cm. This
value is somewhat smaller than that measured, because vertical deformations from
the flex heads under load and also measurement inaccuracies are included. However,
the order of magnitude for the settling behavior of the barrier can be determined
by means of the winglet rope using this procedure.

• After several overflow processes, the barrier sank to a remaining height of 1.5m (see
Fig. 4.30). Therefore, it sank again by half the remaining height h′

b after initial filling
and depending on the starting height hb to hend = 3

8
· hb. However, this significant

settling on repeated overflow events was also because both brakes in the winglet
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rope were pulled as far as they could go by several intensive overflow events (see
Table 4.1). Reinforcement was thereupon provided by a second winglet rope with
new brakes, which of course gave the barrier more room to settle owing to the new
brakes.
With UX barriers (see section 3.2.1), maintenance of the remaining height is ensured
in the case of large spans by the posts. If spans are large, large rope extensions and
brake elongations occur in the whole system, and therefore the remaining height of
the barrier must be controlled with posts.

The analysis of the geometric parameters I ′S and h′
b of the filled debris-flow barrier in

the Illgraben forms a basis for the design of the available retention volume Vr of planned
debris-flow barriers.
In addition, the change in the bed position as a result of the installation of nets is
important in terms of hydraulic engineering. A flatter bed results in a slower flow regime
in mountain torrents and thus to lower transport of bedload. The flow process of debris
flows is lower in energy owing to the lower flow velocity and results in a braking process
in the channel with or without additional protective measures. The principle of bed
position change for energy dissipation is also important for multilevel structures (see also
section 3.4.2).
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In order to investigate the barriers’ structural behavior in response to loads applied by a
debris flow under laboratory conditions, 70 tests using four different debris-flow materials
from four different catchment areas were conducted at WSL. These tests are more cost-
effective compared to field tests, and specific parameters can be observed in a targeted
manner. In addition, it is possible to observe a greater number of events than during field
measurements, because of the limited number of naturally-occurring debris flows. More-
over, the observer’s proximity to the events during the laboratory tests allows for a more
detailed examination of the occurring processes. The examination of processes occurring
in the field rests primarily on post-hoc analyses of videos of the events. A targeted selec-
tion of tests, which accompanies the events observed in the field, allows for an efficient
estimation of the occurrent loads.
One of the challenges associated with laboratory tests is scaling and the associated trans-
ferability of the results to real-life situations. As a result, this chapter will first derive the
laws applicable to the experiments and will then develop important scaling parameters
within the framework of a dimensional analysis.
A detailed description of the tests will be followed by a discussion of the results and their
significance. Based on the detailed analysis and interpretation of the results, a represen-
tative load model will be developed in the following chapter (see chapter 6).
Modeling of the laboratory tests in the finite-element program AVAL-1D1, a simulation
program for granular media, is intended to provide additional confirmation of the specific
debris-flow parameters measured in the tests.
The subsequent interpretation highlights the transferable aspects of the tests and intro-
duces the thus-derived design concept.

5.1 Laws Applicable to the Model

The first section attempts to identify similarity criteria for the performed laboratory tests.
Based on a dimensional analysis, dimensionless quantities allowing for a comparison of
the laboratory tests to real-life events will be derived. This will be followed by a critical
analysis and consideration of the laboratory tests’ limits of transferability.
A physical model, which aims to reproduce natural processes as faithfully as possible,
should meet the criteria of geometric, kinematic and dynamic similarity [55]. The require-
ment for geometric similarity is met by means of a constant ratio Ls between the natural
lengths Ln (n = natural) and the lengths of the model Lm (m = model). Ls (s = scaling)
then corresponds to the model scale. Kinematic similarity is achieved when temporal

1AVAL-1D is a one-dimensional simulation program for avalanche dynamics, http://www.slf.ch/aval-1d
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sequences are consistent, for example the duration of the naturally-occurring filling pro-
cess timp,n and the filling time in the model timp,m. Kinematic similarity generally requires
that the ratios between time intervals, velocities, and accelerations all be of about equal
size. Dynamic similarity requires an approximately equal balance of occurring forces. As a
result, the laboratory test should aim to achieve approximately the same balance of forces
over the course of the process as the prototypical, naturally-occurring process. However,
complete dynamic similarity for all forces occurring in the flow is not possible using the
same fluids in the model as in nature [55].
For processes that are primarily controlled by gravity and have a free surface, dynamic
similarity can be achieved using Froude’s law of comparison. In order to do so, the
Froude number (according to equation 3.7) in the model must match that of the naturally-
occurring prototype, which leads to the following equation:

um√
gmLm

=
un√
gnLn

. (5.1)

If this condition is met, the second condition, which requires equal Reynolds numbers
according to Reynolds’ law, should be met as well. The Reynolds number is a quantity
that provides information about flow behavior, indicating whether a flow is laminar or
turbulent. It is defined as

Re =
uLρ

η
(5.2)

where u is the flow velocity, L is the geometric length of the current, ρ is the density of the
fluid, and η is the dynamic viscosity according to equation 5.17. According to Weber, the
flow behavior of a debris flow is laminar for Reynolds numbers of Re < 600 and turbulent
for Reynolds numbers of Re > 1600 [106]. In hydraulics, laminar flow is defined as flowing
in even, parallel layers without disruptions. Turbulence is present once the flow lines are
no longer parallel, leading to swirls and discontinuity of the fluid particles. With respect
to Reynolds similitude, the following equation applies:

umLmρm
ηm

=
unLnρn

ηn
. (5.3)

Since acceleration due to gravity is the same in the model as in nature, Froude’s model
us =

√
gsLs from equation 5.1 can be inserted into Reynolds’ similitude model with

gs = 1[−], resulting in

Ls =

(
ηs
ρs

)2/3

(5.4)

with υs =
ηs
ρs

being the ratio of the kinematic viscosity in naturally-occurring conditions
to the kinematic viscosity in the model. As a result, equation 5.4 has only one degree
of freedom. If a scale of length is now defined, the ratio of the fluid viscosities in the
naturally-occurring and model conditions is invariably set.
However, the identification and use of fluids with proportionately different viscosities is
generally not feasible. Therefore, it is reasonable to draw solely upon Froude’s law of
similitude and to neglect Reynolds similitude. However, this results in viscosities being
too high in the model (for Reynolds numbers that are too small). For a simulated debris
flow with free-surface flow and gravitational forces which outweigh viscous forces, this
simplification seems justified.
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5.1.1 Dimensional Analysis

In the previous paragraph (”Scaling”), Froude’s similitude was deemed justifiable for
problems relating to debris flows. Based on these considerations, a dimensional analysis
will be performed. Thus, other dimensionless numbers will be derived, which will enable
an application of the results obtained from the laboratory tests to naturally-occurring
events. In this context, the relevance of certain parameters, which describe the interaction
between debris flow and barrier, must first be established. A list of the parameters taken
into account is provided in Table 5.1.

Table 5.1: Parameters that play a role during the interaction between a debris flow and a
barrier.

Parameter Symbol Unit

Debris-Flow Parameters
Dynamic pressure change 4P [F/L2]
Average velocity ufront [L/T ]
Average barrier width/channel width b [L]
Debris-flow density ρ [FT 2/L4]
Debris-flow volume V [L3]
Acceleration due to gravity g [L/T 2]
Kinematic viscosity υ [L2/T ]
Channel slope Θ [−]
d90 grain size d90 [L]
Flow depth hfl [L]
Interaction with the barrier
Remaining height of the net h′

b [L]
Mesh size M [L]
Filling time timp [T ]

Except for the channel slope Θ, all 12 other parameters are associated with the three
different dimensions force F , length L and time T . According to the Buckingham theorem,
it is thus possible to derive 12 − 3 = 9 dimensionless numbers Π [119, 13], which will be
described individually below:

Π1 =
4P

ρu2
(5.5)

In hydraulics, this number is frequently also termed pressure or resistance coefficient Cp

and is, in part, also known as the Euler number Eu = 1√
Cp
. It indicates the resistance of

an obstacle in the flow path, as is the case here in both the laboratory tests (barrier) as
well as in naturally-occurring conditions. During the 2006 field event, for instance, muddy
water was observed seeping through the barrier while the larger components of the debris
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flow were retained (see section 4.5.1).

Π2 =
ghfl

u2
=

1

Fr2
=⇒ Fr (5.6)

1
Fr2

represents the Froude number Fr, which describes the ratio of inner to gravitational
forces. It subdivides flow conditions into ”streams” (subcritical) and ”rapid flows” (su-
percritical), and thus indicates the conformation the flow takes in the channel (see also
section 3.4.1). This number is taken into account during scaling for almost all problems
involving open-channel drainage.

Π3 =
υ

uhfl

=
1

Re
=⇒ Re (5.7)

The Reynolds number Re indicates the ratio of inertial to viscous forces in a fluid, and
subdivides its flow into laminar or turbulent flow regimes. This number can never be
considered at the same time as the Froude number if the same fluid with the same viscosity
is used in the laboratory tests. The problems that can arise when estimating the magnitude
of the Reynolds number relate to the determination of the viscosity of the debris-flow
mixture (see section 5.2.3.4).

Π4 =
timpu

h′
b

(5.8)

Π4 is the only relation which takes the filling time of the barriers into account. Therefore,
this number also reflects the dynamics of the filling process. It represents a characteristic
length L of the contributing debris-flow material behind the filled barrier.

Π5 =
V

h2
flb

(5.9)

Π5 describes the standardized length of a debris-flow wave, thereby providing an estimate
of the debris-flow surge’s duration. V is the volume of the debris-flow wave filling the
barrier, which can usually be determined only by means of prognostic values and estimates.
hfl to width b indicates the cross section of the first wave‘s impact on the barrier.

Π6 =
d90
hfl

(5.10)

Π6 indicates the grain distribution across the flow depth. It is important for the consid-
eration of geometric parameters, such as mesh size, and the basal opening. However, it is
generally difficult to detect d90 grain sizes in a debris-flow mixture.

Π7 =
h′
b

hfl

(5.11)

Π7 indicates the ratio of net height remaining after filling h′
b to flow depth hfl. It specifies

the number of surges required to reach the top of the net, and thus, the completely filled
state (see also section 6.3).

Π8 =
M

d90
(5.12)
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Π8 indicates the ratio of mesh size to d90 grain size and is used to scale the mesh size from
model to laboratory tests.

Π9 = tanΘ (5.13)

In steady flows, Π9 is equal to the friction parameter µ and is, therefore, important for
energy analyses in which friction energy, or the rate of frictional activity, plays a role. In
addition, the ratio of the rate of gravitational to the rate of frictional activity indicates
whether a debris flow is accelerating, or, should frictional forces predominate, decelerating
(see sections 2.2.3 and 4.4).
The orders of magnitude of the selected dimensionless numbers and an assessment of the
transferability of the test results will be the subject of section 5.3.

Physical Limits

Every dimensional analysis also illustrates physical limits. For example, Froude’s simili-
tude and Reynolds similitude can never be achieved simultaneously using the same mate-
rial in both the model and naturally-occurring conditions. Therefore, the Reynolds number
has been neglected entirely in the current case, and viscous forces are also not taken into
consideration, even though they also play a role during the debris-flow process (for the
rheology of debris flows, see section 2.2.2.3). In addition, there is considerable uncertainty
in debris-flow models regarding the magnitude of a number of debris-flow parameters in
the field data, such as, for example, the viscosity of the debris-flow mixture, the surge
volume V , or the d90 grain in a debris flow. These uncertainties prompt further ques-
tions in the interpretation of the dimensional analysis. In addition, other factors, such as
the stiffness ratio between the model and naturally-occurring conditions, are not usually
reproduced correctly. Considering, for example, the stiffness ratio of the barriers in the
model km and in the field kn

km
Am

fm

ρmu2
m

=
kn
An

fn

ρnu2
n

. (5.14)

with Am being the barrier surface in the model and An the barrier surface in the field,
as well as fm being the maximum deformation of the barrier in the model and fn the
maximum deformation in the field. km/Am and kn/An are referred to as relative stiffness.
Since identical material with the same water content is used, ρm = ρn applies. Instead of
velocities, the Froude numbers with u2 = Fr2ghfl and Frm = Frn are used. It follows
that

kmfm
Amhfl,m

=
knfn

Anhfl,n

. (5.15)

The average deformation of a soft barrier was fm ≈ 0.1m in the laboratory and fn ≈ 2.5m
in the field. This yields a ratio of ≈ 1/25. The flow depths correspond to the length scale
Ls and, according to [46], then average between 20 and 30 at ≈ 25. The ratio of the barrier
surfaces Am/An is ≈ 1/400. It follows that, for the stiffness ratios,

km =
1

400
kn (5.16)
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i.e., the stiffness modulus of the laboratory barriers km must be 400-times softer than
that of the ring net barriers in the field. This factor can only be roughly approximated by
selecting soft nets (barriers used in section 5.2.2, e.g. cat nets and safety nets for boats).
Here therefore, the physical limits of scaled laboratory tests become apparent.
Nevertheless, the dimensional analysis demonstrated that the experiments apply to real-
life scenarios in many respects. The results of the laboratory tests discussed in the re-
mainder of this chapter confirm this conclusion in most cases, indicating that the load
model to be developed later can draw upon numerous findings from the laboratory tests.

5.2 Laboratory Tests

5.2.1 Experimental Equipment

The test channel at WSL was designed by Daniel Weber [106] and equipped for his
experiments investigating the erosion behavior of debris flows (see Fig. 5.1 and 5.2). In
order to carry out the laboratory experiments for the present work, the test channel was
adapted to the new requirements and modified accordingly.
The upper part of the channel with the launch container, the subsequent acceleration
track, and the cross section of the measuring channel (with a width of 30cm) were not
modified (see Fig. 5.1). The launch container and the acceleration track together measure
about 3m in length and have a smooth surface made of steel. Hereafter, the actual debris-
flow wave is created, which then flows into the measuring channel. Flint from the Illgraben
with a grain size of 1cm is glued to the channel floor, which provides the streambed with
the roughness required for the generation of a debris-flow front. The inclinations of the
launch container, the acceleration track, as well as the measuring channel can be adjusted
independently of one another to measure between 0 and 55%. The existing topographic
system to determine the retention volume was preserved along the 3.70m long measuring
track (see section 5.2.1.1). The existing ultrasonic sensors designed to determine flow
velocity and flow depth were replaced by more accurate laser measuring devices. The
arrangement of the laser measuring devices is shown in Figure 5.1.
A specially-designed measuring sledge allows for the installation of different barrier types
and the measurement of impact and frictional forces in flow direction (see section 5.2.1.3).
A front view of the filling process in the tests was recorded using a high-speed camera. A
spotlight placed above the channel ensures adequate lighting.
A concrete-silo container was used to insert the material into the launch container. Using
a crane, this container was lifted up to the launch container, where it emptied its content.
A mobile bulk container was placed at the end of the channel to collect the material.

5.2.1.1 Topographic System

The topographic system is used to determine the deposition volume (located behind the
barrier and along the channel) produced by a laboratory debris flow. To accomplish this,
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Figure 5.1: Layout of the WSL’s debris-flow channel: cross section of the measuring track,
lateral view of the channel and top view.

a measuring laser moves along two tracks on the right- and left-hand side of the channel,
scanning its profile based on a grid of 0.75cm on the x-axis (flow direction) and 0.75cm
on the y-axis (channel width) and measuring, at each point, the height z. The raster data
of the thus-generated ASCII file can then be converted to topographic contour lines using
suitable software (e.g., ArgGIS or MATLAB). Based on this data, the deposited volume
can be calculated.

5.2.1.2 Laser Measurements

Four laser devices are used to measure distance (see Fig. 5.1). A thin beam of light allows
for the precise determination of the flow depth. With a scanning frequency of 2.2kHz,
fast-moving objects can be recorded as well.
The average front velocity ufront is calculated based on the time difference between mea-
surements of flow depth and distance traveled between two lasers.
The first laser spike was chosen as the point of origin of the time scale. At this point, the
front has reached the laser. This point, however, is not always identical, since splashes
of water or individual stones can trigger the laser before the actual front. Therefore, the
laser measurements were also aligned with the high-speed videos.
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Figure 5.2: Debris-flow channel at the WSL: lateral view with collection pan and material
container in the foreground (left), and top view of the channel with measuring lasers and
barrier installed in the measuring sledge (right).

5.2.1.3 Measuring Sledge

The measuring sledge immediately follows the measuring channel, and is mechanically
separated from the rest of the system (see Fig. 5.3). The sledge is mounted on four movable
elements and can be displaced in flow direction. Steel profiles, which have been welded
into a ”U”-shape, are located at the front of the sledge (towards the measuring channel).
The barrier is placed into this opening (see Fig. 5.3). The movable part is connected to the
channel via two load cells, which measure the forces acting in flow direction (see Fig. 5.3).

Sliding support 

Welded "U" 

Force cells

Figure 5.3: Measuring sledge mounted on slidable supports (left), and the ”U”-shaped steel
profiles with installed barrier and load cells (right).
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5.2.1.4 High-Speed Camera

At the end of the channel and facing the measuring sledge, a high-speed camera records
the barrier’s filling process at 125 frames per second. Based on two markings on the chan-
nel floor, the velocity of the impact on the barrier can be determined, which serves as a
control for the laser measurements.
During some of the tests, the camera was placed above the channel. This perspective
provides a recording of the two different filling processes (see section 5.3.1). This set-up
also allows for a second velocity alignment, based on the markings on the channel floor.
A spotlight with an additional transformer is mounted above the channel (see sec-
tion 4.2.3.2).

5.2.1.5 Data Acquisition

Once the launch hatch is opened, the laser and force measurements start, and the high-
speed camera begins to record. The data from the laser and force measurements are
transferred to PC via a measuring board (see section 4.2.3.5). Steering is controlled, just
like in the field tests, using the software Labview, which ultimately generates an ASCII
data set.
The video recorded with the high-speed camera can then be evaluated using a suitable
viewer software (Redlake Motion Scope Media Player2).

5.2.2 Barriers

The following barriers were used according to Table 5.2 to investigate their different
properties. They differ, for example, not only in terms of mesh size, but also in terms
of the properties of their materials, such as elasticity and deformability. In addition,
rigid barriers were simulated using wood and Plexiglas panels. With respect to material
retention, these can be considered impermeable.

2MotionPlayer is a Microsoft-Windows based software for imagewise analysis of video recordings,
http://www.redlake.com
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Table 5.2: Barriers used in the tests and their mesh sizes.

Barrier/Net Properties Mesh Size [cm] Material

elastic net flexible, elastic 2 rubber-mounted net
cat net flexible, inelastic 2, 3 rope net
safety net for boats flexible, inelastic 4, 6 rope net
square grid rigid 0.5 wire mesh
chicken wire rigid 1.2, 1.6, 2 wire mesh
TECCOmeshwork rigid 3 wire mesh
rigid plate rigid/impermeable - wood and synthetic materials

The nets and barriers used do not represent real models of ring nets. Material parameters,
such as the stiffness modulus k of the ring net, can be rarely reproduced in the model,
due to the different stiffness ratios in nature and in the model. The stiffness reproduced
in the model is always too rigid (see section 5.1.1). Therefore, the barriers in the model
have to be considerably more flexible than in nature. While the flexible nets remain a
major simplification of actual ring net barriers, they nonetheless can simulate, more or
less faithfully, geometric properties (such as mesh size and the basal opening) by means
of a factor or a dimensional analysis (see section 5.1).

5.2.3 Debris-Flow Materials

Weber already observed in [106] that, when using natural materials, a near-natural
reproduction can only be achieved if either the maximum grain size dmax is adapted to
channel width or the grain-size distribution is identical to that of natural debris-flow
materials. It is practically impossible to meet both of these requirements at the same
time; i.e. they are mutually exclusive. The highest possible maximum grain size corre-
sponds to approximately one-tenth of the width of the channel. In the end, the following
compromise was made:
Natural debris-flow materials were collected from deposit zones in the channels and
screened to a maximum grain size of 3cm. While the removed fractions change the
grain-size distribution within the debris-flow mixture, the ratios between grain sizes of
d < 3cm remain the same. Indeed, the rheological properties of debris flows strongly
depend on water content and the prevailing fine fraction of clays and silts up to a
grain size of 0.06mm [106]. These components are not affected by the screening process;
only their percentages within the grain-size distribution curve change. By removing the
coarser components, the grain-size distribution curve is shifted towards the smaller grain
sizes on the left. This is taken into account during scaling by means of the d90 grain-size
ratio between model and nature (see section 5.1).
Since the fine fraction cannot be entirely recovered following each completed test (because
it gets lost in cracks and gaps along the channel), used debris-flow material cannot be
reused in other tests.
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5.2.3.1 Origin of the Materials

A total of four different debris-flow materials were used. Two of these were collected
from torrents in Merdenson, and in the Illgraben (canton Valais). These two sources were
selected because of the test barriers present at these locations, and because they allow
for a comparison of the measured properties with those observed in the field. The two
other materials used were collected from torrents in the Bernese Oberland (the Alpbach
in Haslital and the Trachtbach near Brienz). These two collection sites were selected
because they are planning to use ring nets as debris-flow protection structures; using
material collected directly from them allowed for the best possible investigation of the
effect of mesh size and the basal opening by means of laboratory tests (see [109, 110]).
Moreover, good accessibility is an important factor for the selection of collection sites.
The collection sites in Merdenson and the Illgraben were accessible either by car or on
foot. The materials from Gummen and the Trachtbach had to be flown down into the
valley by helicopter. As a result, only a limited number of tests using these two materials
could be carried out. For the majority of the tests, material from the Illgraben was used.

5.2.3.2 Grain-Size Distribution Curves
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Figure 5.4: Grain-size distribution in debris-flow materials from the Illgraben, the Alpbach,
and the Trachtbach (dashed line), as well as the grain-size distribution curve of the material
from the Illgraben from a previous collection (solid line).

The grain-size distributions of the materials used are shown in Figure 5.4. A fine fraction
of clay and silt of at least 10% is characteristic of all debris-flow materials (see Fig. 5.4
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and [106, 99]). Particularly striking is the large fine fraction in the material from the
Trachtbach, with grain sizes of d < 0.06mm making up almost 40% of the material,
whereas they make up only about 20% of the other materials. According to [99], this
suggests a very viscous flow behavior of the Trachtbach material. Viscous debris flows
have a much higher proportion of fine materials of d < 0.06mm.

5.2.3.3 Density Determination

In the context of Gubler’s work [46], the solid-substance densities were determined in
three of the four debris-flow materials. Here, the material from the Trachtbach was not
examined, since it is very cohesive and loamy, which made the analysis too difficult. The
determined material densities are shown in Table 5.3.

Table 5.3: Bulk densities determined as in [46] in the debris-flow materials used.

Collection Site Dry-Material Density [kg/m3]

Alpbach 2533
Illgraben 2693
Merdenson 2696
Trachtbach 2000 (estimate)

5.2.3.4 Viscosity Determination

Figure 5.5: Ball viscometer for the determination of the viscosity of the liquid debris-flow phase
and its schematic structure (right).

The viscosity in the material from the Illgraben was determined. in cooperation with
Kowalski [62] at the Institute for Nutritional Sciences of the ETH Zurich. The measure-
ments were performed using a ball viscometer as in [88] (see Fig. 5.5). The ball viscometer
consists of a round container with a radius of Rs = 57.5mm, which is hs = 48cm high. A
ball with a diameter of d = 12mm is moved through the suspension with the rotational
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velocity ω. The dynamic viscosity can be determined based on the shear stress τ and the
shear rate γ̇, so that

η =
τ

γ̇
. (5.17)

For further information about the conversion of the measured values into shear stress τ
and shear rate γ̇, please refer to [88]. The sediment concentration of the solution Cv is
calculated as in [88]. Therefore,

Cv =
Cs,DFCs,DC

1 + Cs,DF (1− Cs,DC)
(5.18)

with Cs,DF being the volumetric sediment concentration in the debris flow and Cs,DC

being the percentage of the grain-size distribution curve the utilized grain sizes account
for. Fine screenings of the Illgraben material, as in [62], demonstrated that grain sizes of
d < 2mm accounted for 36.6% of the screened material, and that grain sizes of d < 4mm
accounted for 50% (see Fig. 5.4, Illgraben).
The material was dried, screened, and its weight determined with one-gram accuracy.
Subsequently, the amount of water required to achieve the appropriate volumetric water
content was added. At this point, it became apparent that a mixture of d < 4mm and
w = 20% is too viscous for the viscometer. The subsequent addition of water distorted
the resulting associated water content and the examined suspension volume.
Three measurements were taken per shear rate and then averaged. A shear thinning effect
could be observed during all measurements. This means that the highest viscosities were
measured at the slowest shear velocity of γ̇ = 0.1[1/s], whereas the lowest viscosities were
measured at γ̇ = 30[1/s]. The resulting average viscosities are shown in Table 5.4.

For the flow process of the debris flow, the shear-thinning behavior of the Illgraben ma-
terial implies that the material itself offers less resistance once high flow velocities are
reached (or occur). Moreover, it displays a higher viscosity with a larger grain size and
identical water content. This seems plausible and, thus, transferable to the naturally-
occurring process.
Assuming a linear velocity profile, the shear rates occurring during a flow process can be
approximated based on the flow depth hfl. For a debris flow with flow depth hfl = 1m and
an average front velocity of 3m/s, for example, the shear rate γ̇ in the debris flow would
equal approximately 3[1/s]. Assuming that particles of d < 2mm remain in suspension,
the viscosity of the liquid phase η equals approximately 5Pas at a water content of 30%.
With respect to the measured shear stresses across shear rates, the measurements confirm
the assumptions of the Bingham model concerning fluids with particles (in section 2.2.2.3
in equation 2.19). A fluid with particles of d < 2mm, a water content of 30%, and a
sediment concentration Cv = 0.46, for instance, exhibits the Bingham-model property as
shown in Figure 5.6. Here, the initial shear strength τb equals approximately 5.5N/m2,
and the Bingham viscosity ηb ≈ 0.45 amounts to a correlation coefficient R2 of the best-fit
line of 0.97.

Unfortunately, viscosity measurements for larger grain sizes are currently not possible. The
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Table 5.4: Average viscosities determined by ball viscometer according to [88].

Water Content [%] Cv[−] d [mm] Shear Velocity γ̇ [1/s] Viscosity [Pas]

0.2 0.59 < 2 0.1 250
0.2 0.59 < 2 1 17.4
0.2 0.59 < 2 10 2.6
0.2 0.59 < 2 30 1.5

0.3 0.46 < 2 0.1 76
0.3 0.46 < 2 1 6
0.3 0.46 < 2 10 1.0
0.3 0.46 < 2 30 0.6

0.2 ≈ 0.68 < 4 too viscous not measurable
0.3 0.54 < 4 0.1 171.8
0.3 0.54 < 4 1 26
0.3 0.54 < 4 10 2.6
0.3 0.54 < 4 30 1.2

largest viscometer can be utilized for grain sizes up to 2cm [21]. The viscosity of an entire
debris flow, therefore, can only be estimated and interpolated hypothetically. Thus, the
values of these measurements serve only as a reference point for an order of magnitude, to
be used for the determination of the ring net’s resistance during the mudflow percolation
in section 6.2.3.

5.2.3.5 Friction Angle

The angle of internal friction, according to Coulomb’s friction law in equation 2.20 in
section 2.2.2.3, was determined only in the material from the Illgraben. Here, the angle of
internal friction was relevant for the design of the field barrier and the reverse calculation
of the field data.
Samples of d < 20mm were used in the tests, carried out at the department of soil
mechanics of the TU Munich, to determine the angle of internal friction. Because the
material from the Illgraben consists of very cohesive soil (which cannot be compacted
perfectly - even with great effort - unless the material has the ideal water content), four
compaction tests were performed (according to DIN 18127 [29]). The ideal water content
for the maximum bulk density of ρd = 2225kg/m3 was determined to be w = 5.9%.
This water content was used as the initial water content for the subsequent triaxial test
(according to DIN 18137, part 2 [30]). A CU-test was performed consolidated with σ1 =
σ3 = 50kN/m2 and undrained, during which pore-water drainage is inhibited and the
resulting pore-water pressure p is measured. σ3 is kept constant, and σ1 is increased until
failure. A state of failure is depicted schematically in Figure 5.7 (right). The test revealed
that the Illgraben material has an effective angle of internal friction of φ′ = 42.9◦ with a
cohesion of c′ = 20.5kN/m2.
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Figure 5.6: Confirmation of the Bingham model using a suspension of Cv = 0.46 with particles
of d < 2mm. Legend: Gerade = line; Schubspannung = shear stress; Anfangsscherfestigkeit =
initial shear strength; Scherrate = shear deformation rate.

This value was determined under ideal laboratory conditions, with an ideal water content
and degree of compression. However, this is almost never the case in the field. Moreover,
the test was performed using only Illgraben material with a grain size of d < 2cm. Of
course, there are much larger grain sizes present in reality, i.e. the material is partially
interspersed with very large blocks. In this case, the angle of internal friction is subject
to large fluctuations. Nevertheless, the measured value of the friction angle can be used
as a reference value for further calculations.

5.2.4 Test Procedure

5.2.4.1 Preparation of the Debris-Flow Mixture

The residual water content wr of the stored debris-flow material first had to be determined.
To this end, the mass difference of several samples before and after being left to dry for
24h in an oven at 105◦C was determined. Based on this, as well as the desired volumetric
water content of the launch mixture w. and the desired launch volume V , the following
quantities of solids and water were determined:

ms =
w

1− wr

ρsV (5.19)

mf = wρfV − wrms (5.20)
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Figure 5.7: Triaxial shear-test apparatus to determine the angle of internal friction (left), and
mode of operation illustrated based on the Mohr-Coulomb theory (right).

with ρs being the solid-material density according to Table 5.3 and ρf being the density
of the water. The water contents typically used for individual materials and the resulting
debris-flow densities are shown in Table 5.5.

Table 5.5: Volumetric water content w of the test mixture and the resulting density ρ of the
mixture.

Material Water Content [%] Debris-Flow Density [kg/m3]

Alpbach 54 1700
Illgraben 30 2200
Merdenson 57 1700
Trachtbach 52 1500

The required solids and water are then weighed and mixed using a concrete mixer, until
a homogeneous phase has formed.

5.2.4.2 Experimental Procedure

The subsequent procedures will be described only briefly; a more detailed discussion of
methods and their implementation is provided in [59].
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Following the installation of the barrier, the correct functioning of the load cells was con-
firmed using a spring balance. This control is essential in order to calibrate it to zero
and to ensure a uniform response. Subsequently, the frame of the high-speed camera was
verified with the spotlight on. If the channel is filmed from above using a scaffold, it is
important to adjust the frame so that the entire retained debris-flow cone is pictured. If
the camera is placed in front of the barrier, the entire barrier should be within the frame,
as well as the two measuring marks for verifying the impact velocity.
Shortly before inserting the debris-flow material into the launch container, the channel
was irrigated to simulate a saturated streambed and to improve the flow characteristics
of the debris flow.
The debris-flow material should only be inserted into the launch container when every-
thing else has been prepared and is ready to go. If the material is left in the launch
container for too long, the solid material slowly begins to settle, which results in phase
separation and causes the flow characteristics of the thus-generated debris-flow wave to
change significantly.
Once the measurement instrumentation was activated, the hatch was opened. The ma-
terial then flows in a rolling motion, which resembles a debris-flow front, towards the
barrier, and fills it.

5.3 Results

A total of 66 laboratory tests were performed; 42 of which used material from the Illgraben.
Table 5.6 provides an overview of the materials used, water contents, launch volumes, and
inclinations.

Table 5.6: Overview according to [46] showing the materials used in the tests, water contents,
launch volumes, and inclinations.

Material Inclination Launch Volume Water Content Total

25% 40% 50% 50 l 100 l 150 l (volumetric [%])

Alpbach 9 9 54 9
Illgraben 7 11 24 13 23 6 30 42
Trachtbach 11 10 1 52 11
Merdenson 4 3 (1× 75 l) 57 4

5.3.1 Visual Observations

During the tests and on the video recordings, the following characteristics (typical for
debris flows) were observed. A flow resembling a front, with large rocks in the front and
a more liquid part composed of the fine fraction trailing behind, was observed during the
tests using material from the Illgraben. The grain distribution is clearly recognizable, even
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Figure 5.8: Front and top-down view of a net filled with debris-flow material (test using Ill-
graben material with a launch volume of 50l and an inclination of 25%).

after filling of the net (as shown in Figure 5.8). It decreases significantly with increased
distance from the net, and the water content increases. However, the tests using material
from the Alpbach appeared muddier, with a poorly-developed front. This is desired, and
achieved by means of increased water content, since debris flows in the Alpbach are rather
muddy (densities of ρ ≈ 1800 − 1900kg/m3 according to [50]). The debris flows using
material from the Trachtbach exhibited a very viscous flow due to the extremely cohesive
material. Nevertheless, in all tests, the large stones accumulated at the front during the
flow, whereas the smaller ones trailed behind along with the water. As a result, a debris
jam already begins to form at the net during the impact of the front (containing the
stones). The few videos that filmed the Illgraben tests with an inclination of 25% from
above showed a type of reverse-flow wave, which occurred shortly after the debris jam
and flowed towards the liquid mud upstream of the net (see Fig. 5.9). The filling process
can be subdivided into three stages: (1) the impact of the front, (2) a small vertical
deflection or filling of the barrier, and (3) the wave reflected upstream (see Fig. 5.11,
left). The formation of the reverse-flow wave confirms the load approach developed later
in section 6.3.
Furthermore, an upward deflection of the debris-flow stream was observed with greater
launch volumes or more liquid mixtures, and the associated higher front velocity (see
Fig. 5.10, left), suggesting a vertical spread, i.e. a spread perpendicular to the direction
of the flow and parallel to the barrier [3]. First, the front hits the barrier and, with higher
flow velocities, it is reflected vertically and then flows over the barrier. The remaining
retention volume behind the barrier is then filled completely by the material that follows
(see Fig. 5.10, right). This effect is more pronounced with rigid barriers. For a detailed
overview and evaluation of the video analyses, see [46].

5.3.2 Determination of Relevant Scaling Factors

To achieve an ideally constructed model, all 9 numbers in the model should correspond
to those in nature. However, since this can never be achieved in reality (as discussed
with respect to the Froude and Reynolds numbers, for example, in section 5.1), the most
significant numbers need to be identified and interpreted. Table 5.7 lists the dimensionless
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Figure 5.9: Reverse-flow wave formed shortly after the debris jam at the net at time points
t1 = 2860, t2 = 3320, t3 = 3740, and t4 = 4030ms in a 50l test using Illgraben material at an
inclination of 25%.

numbers for the values of typical debris flows (consisting of all materials used in this
project) that have been observed in the field (see section 5.1), and contrasts them with
those observed in the laboratory (field data Illgraben see Table 4.1). The last column
shows estimates of the dimensionless numbers relative to the process in consideration, as
well as their importance, where a = relevant, b = less relevant, and c = not relevant.
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Figure 5.10: Upward deflection of a very fast debris-flow front during a 100l-test with Illgraben
material and an inclination of 25%.
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Figure 5.11: Schematic representation of a reverse-flow wave following a slow impact (left),
and upward deflection of the debris flow following impact of a fast front (right).

Table 5.7: Typical ranges for the values of dimensionless numbers and their relevance (a (highly
relevant) to c (less relevant).

Πi Laboratory Field Valuation

Π1 0.1...1.0 0.7...2.0 a
Π2 0.7...7.0 0.4...4.0 a
Π3 100...1600 600...105 c
Π4 0.8...18.0 2.6...4.0 a
Π5 10...185 120...700 a
Π6 0.2...1.2 2.0...10.0 b
Π7 1.5...7 1.6...8 a
Π8 0.3...2.0 1.2 b
Π9 0.25...0.5 0.08...0.3 c

The following dimensionless numbers play an important role during the interaction of a
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debris flow and a barrier:

• Π1 indicates how much the dynamic pressure ∆P of the debris flow increases during
impact on the barrier. Since both the density ρ as well as the velocity ufront are
taken into account, it is a material-dependent, dimensionless number, and forms
a link between the forces measured in the laboratory and those measured in the
field. For the field events, Π1 was set to 0.7 for muddier debris flows with little
viscosity and to 2.0 for granular, very viscous debris flows, in accordance with the
approaches by Armanini [3] (see section 6.3).

• Π2 is the Froude number, which is usually used as a scaling basis for problems
involving natural inclines. As a result, it is a scaling factor that also appears to
apply to debris flows, since - in this case - gravitational forces also outweigh viscous
forces [106]. The flow velocity ufront and the flow depth hfl are both important
parameters with respect to the loads that occur when a debris flow flows into a
barrier (see section 6.3).

• Π4 describes the length of the stopped debris flow relative to the fill level of the
barrier h′

b, and is the only number which takes the filling time timp into account.
Π4 generally is an important parameter for the assessment of the dynamics of the
filling process. A value of 90s for timp, based on the very muddy debris flow from
May 18, 2006, is the only value for timp based on actual field events currently
known. According to [82, 23], this value appears to be quite large for granular
debris flows. The USGS flume experiments revealed impact times of 1-4s. These
times were adopted for the determination of Π4 in the field data, as shown in
Table 5.7. This demonstrates a common range of Π4, in spite of the uncertainty
concerning the impact time due to missing data.

• Π5 describes the typical length of a debris-flow surge. The volume parameter V
for the first debris-flow surge is an estimate and a prognostic value associated
with significant uncertainty. In the Illgraben, for instance, this value can only
be determined approximately using the average flow Q and the time t, the
duration of the debris-flow wave as assessed visually based on video data. Values
regarding the size of debris-flow surges have almost never been provided in literature.

• Π7 is the ratio of the remaining height of the net h′
b to the flow depth hfl. This

directly indicates the duration of a filling process if this filling process is subdivided
into individual surges with a flow depth hfl, which are then stacked vertically until
the final fill level h′

b is reached (see also section 6.3 and Fig. 6.12). Therefore, Π7 is
an important parameter for the entire filling process and the ensuing loads.

There are two other dimensionless parameters that are taken into consideration, but these
do not need to/cannot be consistently identical. For these numbers, the uncertainties in
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the determination of the parameters taken into consideration are subject to very large
fluctuations:

• Π6 and Π8 form ratios between geometric parameters relative to the d90 grain sizes.
Here, the uncertainty in both numbers lies in the estimation of the d90 grain size.
Only values for the Illgraben are currently available, as provided in [69], where a
visual assessment yielded a grain size of 25cm. This value was used as the d90 grain
size for the field values of Π6 and Π8 in Table 5.7. In order to scale the mesh size,
the d90 grain size is absolutely essential (see [46, 109, 110]).

Π3 and Π9 do not play a significant role in the interaction process examined below:

• Due to the contradiction with the Froude scaling derived in equation 5.4, the
Reynolds number Re = Π3 is not taken into account. As a result, viscous forces are
neglected in this model. Moreover, the dynamic viscosity η can only be determined
for small grain sizes, and statements concerning the viscosity of an entire debris-flow
mixture are, therefore, difficult to make and often erroneous (see section 5.4).

• Π9 influences the debris-flow process itself rather than the interaction between
a debris flow and a barrier. The channel slope plays an important role in the
acceleration of a debris flow and is thus indirectly taken into account by Π1, Π2,
and Π4.

5.3.2.1 Evaluation

The dimensionless numbers Π1, Π2, and Π7 generally exhibit good agreement, as shown
in Table 5.7. This suggests good transferability of the laboratory tests to the data mea-
sured in the field. A more detailed analysis of dimensionless numbers relative to individual
debris-flow materials is provided in [46]. In the laboratory, the Froude numbers generally
were rather too high compared to the field tests, and the launch volumes rather too small.
However, neither could be improved due to the pre-existing conditions at the test chan-
nel. It has not been possible to reproduce even slower debris flows, since the shallower
slopes required for these prohibit the debris flows from reaching the barrier. In addition,
the launch volume of the thus-generated debris-flow wave is limited to 150l, due to the
capacity of the launch container.
Π4 and Π5 describe the characteristic length of the debris flow. Π4 describes the length of
the debris flow acting behind the filled barrier, and Π5 the length of the entire debris-flow
surge. Π5 was usually greater in the data measured in the field than in the laboratory,
due to the launch volume being too small in the laboratory tests [46]. Only those labora-
tory tests using material from the Trachtbach, in which a surge volume of V ≈ 5000m3

was predicted, exhibited good agreement with the dimensionless volume. However, the
launch volume of 50-150l in the laboratory tests is generally too small in comparison to
the debris-flow volumes of an actual, real-life surge.
The quotient Π4/Π5 indicates the percentage of the retained length relative to the total
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length of the debris-flow surge. This ratio is relevant for an efficiency analysis of the bar-
riers with respect to a debris-flow surge.
With respect to the estimate of the grain diameter, Π6 and Π8 lie within a similar range.
For the scaling of the mesh size, Π8 is particularly relevant.
According to [46], the evaluation of the dimensional analysis revealed a linear factor Ls

between 20 and 30 for the performed experiments. This value is greater than the value of
10, suggested by Weber [106] for this channel, for an application to Swiss torrents. How-
ever, this inconsistency can be justified by the different materials used, and the assessment
of different pertinent parameters.

5.3.3 Flow Velocities and Flow Depths

Each measured velocity is an average velocity across a section between corresponding
lasers. As a result, the velocities correspond to the average front velocities ufront and not
to the maximum velocities. According to section 4.4, these can be significantly higher.
The velocity at laser 1 is determined based primarily on the inclination of the launch
container and the smooth acceleration track. In addition, the velocity can be increased by
narrowing the acceleration track. If the debris flow then encounters the rough bed material
at the level of laser 1, it is slowed down initially and then develops the typical, rolling
debris-flow front. The ensuing velocity development along the channel now depends on the
inclination of the measuring track. At an inclination of 50%, the debris flow accelerates on
its way down to the barrier, whereas at an inclination of 25%, it decelerates continuously
due to the prevailing frictional forces of the channel bed. At an inclination of 25%, the
predominance of frictional forces is more prominent in the 50l tests (see Fig. 5.12, b).
While the debris flows are accelerating, the flow depths tend to decrease [46] (see Fig. 5.12).
This is the result of the material increasingly pressing towards the front, which kind of
elongates the debris flow. When decelerating, the flow depth increases again. This effect
could not be observed in the laboratory tests due to the limited amount of material that
followed the front (see Fig. 5.12).
When comparing the tests with each other, greater flow velocities were observed with
greater launch volumes in all tests. The same is true for steeper inclinations. To some
extent, the various materials also produce significant differences (see Fig. 5.12). This can
be attributed to the different properties of the material, such as density, angle of internal
friction, and cohesion, as well as the different water content of the mixtures used.

5.3.4 Material Retention

Debris-flow barriers should stop the debris flow in part/completely. To this end, the
coarser components, such as stones and blocks, have to accumulate within the net, or
the basal opening below the net has to cause a debris jam during the debris flow. The
selected mesh size and height of the basal opening play an important role in the timing
of the debris jam.
Furthermore, the retention capacity and accordingly, the space behind the net,
are both, of course, of interest as well. Here, the launch volume/surge volume play a
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Figure 5.12: Mean values according to [46] of the series of tests examining flow velocities of
the debris-flow front and maximum flow depths.

particularly important role. If the retention volume is exhausted, the remainder of the
debris flow overflows the barrier.

Blockage of the Net

All mesh sizes smaller than or equal to 4cm produce good blockage and nearly-complete
retention of the material. Mesh sizes larger than 4cm only partially retain the material (for
a comparison of material retention as a function of mesh size using Hasliberg material, see
Fig. 5.13). With basal openings of 4cm or less, a debris jam and net filling always occur.
If larger basal openings are selected, net filling does not occur. In tests using drainage
channels of 3 and 4cm, debris jams generally occurred at a later point in time compared
to tests which did not use a basal opening. Initially, material flows through underneath
the net (before the filling process is initiated).
Further details regarding the effects of mesh size and the basal opening for the Trachtbach
and Alpbach material specifically are provided in [109, 110].
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Figure 5.13: Effects of mesh size on material retention observed using Hasliberg material [109]:
Left 3cm, middle 4cm, and right 6cm.

Retention Volume

Evidently, as mesh size increases, the retained volume decreases. However, whether the
basal opening is present, or if it is 3cm or 4cm high, is irrelevant. Here, only a delayed
onset of the filling process can be observed. Further details are provided in [46].
The barriers influence the retained volume as follows: The 50l tests revealed a slightly
reduced retention volume with permeable barriers compared to rigid, impermeable barriers
(see Fig. 5.14). In the 100l tests, the retained volumes were widely spread. This is primarily
due to the higher impact velocity at the barriers. The higher the impact velocity, the
greater the amount of material that is deflected vertically, thereby overflowing the barrier
(see also Fig. 5.10, section 5.3.1). The 150l experiments demonstrated that the rigid barrier
deflects more material than the flexible barrier.

Figure 5.14: Retention volume as a function of launch volume and barrier type (rigid, flexible
and elastic). Legend: Rückhaltevolumen = retained volume; starre Barriere = rigid barrier;
elastisches Netz 2cm Maschen = elastic net with; Maschen = mesh openings; Katzennetz =
cat net; Startvolumen = start volume.
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Summary

With reference to the dimensional analysis carried out, the mesh and drainage-channel
size can be considered in relation to the d90 grain size used. Here, the relevant parameter
is Π8 = M/d90. Unfortunately, the specification of a d90 grain size of 25cm is based on
one field event as described in [69]. This yields Π8 = 1.2 for a mesh size of M = 30cm
for the field barrier. The mesh sizes in the laboratory varied between 3 and 4cm with
Π8 = 1.0− 1.3. These values show good accordance, although they should be interpreted
with caution due to the field data. In any case it is evident that most material is retained
with mesh sizes equal to the d90 grain diameter, and that this applies to field barriers as
well. This was confirmed in 2005 and 2006 for the barriers in the Illgraben, with a mesh
size of M = 30cm and good material retention (see section 4.5).
According to [46], the following applies to the basal opening: If the basal opening is the
same size as the d90 diameter, a debris jam always occurs. If it is twice the size of the
d90 grain, no debris jams occur in the laboratory (at a drainage-channel height of 6cm).
Here, the flow depth hfl now plays the decisive role. Sufficient accordance between the
flow depth and the height of the basal opening is required, so that the debris flow strikes
against the lower support rope and begins to chock. The laboratory tests demonstrated
that the factor hfl = 1.3 ·hd was still not high enough. Field tests in the Illgraben showed
that a ratio of hfl = 1.5 · hd is sufficient.
When selecting basal openings for mountain torrents, the type of channel bed also needs
to be taken into consideration. If the bed consists of solid rock, the bed level in the channel
does not fluctuate much, whereas if the channel bed consists of loose deposit materials, the
bed level can rapidly sink. Therefore, each flooding event can quickly flush out material
underneath the barrier, thereby increasing the size of the basal opening (see section 4.3.3).
The effects of the barrier type on retention volume exhibit only a small material-dependent
component. Approximately identical amounts of material are retained by rigid barriers as
by flexible or elastic ones. However, there is a greater vertical deflection of the material dur-
ing the initial impact onto rigid barriers than onto flexible ones. This vertically-deflected
material is then directed over the barrier. Nonetheless, this does not lead to a significant
deficit in material retention due to the material that follows. The values measuring the
retained volume are thus subject to natural variations.

5.3.5 Force Measurement

Force measurement is one of the key elements of the performed laboratory tests. As previ-
ously described in section 5.2.1.3, the force was measured in parallel to the flow direction
by means of the measuring sledge and two load cells. Hereafter, the occurrent total load
will always correspond to the sum of both load cells.
The performed laboratory tests demonstrated two different force effects. One is the dy-
namic load of the debris flow during the flow, which the barrier has to withstand for
only a short amount of time. In the load curve, this load is referred to as the maximum
load Fmax (see Fig. 5.15). Once the net has been filled, the force measured then returns
to the static value Fstat.
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Figure 5.15: Load acting on the net as a function of time, illustrating the maximum and the
static load as in [46].

This section will describe and interpret the occurrent maximum and static loads based
on laws relevant to the model.

5.3.5.1 Maximum Load

The maximum load consists of two types of loads. One is the dynamically-acting load
resulting from the stopping process of the debris flow (change in momentum). The other
is the hydrostatic load of the debris-flow material streaming in (hydraulic pressure). Here,
two different types of filling process have been observed in the laboratory tests:

• Case 1 Tests with Fr > 2: The first wave determines Fmax during the debris-flow
impact (see Fig. 5.16, top). At the time of Fmax, the flow depths and fill levels at laser
4 on the barrier still show the flow depth hfl of the first wave. Here, the flow force
resulting from the hydrostatic pressure acts only through hfl, i.e. Fhyd = 1

2
ρgbh2

fl.
This value is low relative to Fmax and can be neglected.

• Case 2 Tests with Fr < 2: The filling process begins upon impact of the first wave,
i.e. the hydraulic pressure already applies across the entire fill level hfill at Fmax (see
Fig. 5.18). The hydrostatic flow force Fhyd =

1
2
ρgbh2

fill cannot be neglected.
The same applies to rigid barriers without basal openings. Here, the static hydraulic
pressure also applies across the entire fill level at Fmax. In this case too, the hydraulic
pressure must be taken into account (see Fig. 5.18, bottom).

As a result, the hydraulic pressure did not contribute significantly to Fmax in most tests
(case 1). The calculation of the dynamic pressure increase ∆P = Pdyn = Fmax

bhfill
is based

directly on Fmax. In case 2, the hydrostatic pressure across the fill level was taken into
account for the calculation of Pdyn. Evidently, Pdyn directly depends on the velocity u2 (see
Fig. 5.19). This points to the hydraulic problem of flow resistance. Here, Fdyn = 1

2
cdρAu

2,

Fdyn/A = Pdyn, Π1 =
Pdyn

ρu2 = 1
2
cd, and cd = 2Π1 apply. Therefore, Π1 = Pdyn/ρu

2 is
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Figure 5.16: At the time of Fmax, only the first wave exerts hydraulic pressure. Legend:
Fliesshöhe = flow depth; Kraftmessung = force measurement; Zeit = time.

directly taken into account as a dimensionless number in Figure 5.19 and represented by
the Froude number Π2. The Π1 values were higher in tests that used material from the
Trachtbach, which is very cohesive. However, a higher Π1 value was also observed in one
test that used material from the Illgraben. However, this outlier can be explained by the
material used in the test, which had not been properly mixed and, thus, contained clumps.
These clumps then behave like cohesive material (see Trachtbach) or larger grain sizes,
differentiating this debris flow from those in the other tests.
Low Π1 values can also be observed in very slow tests with Fr < 2. This can be explained
directly based on the definition of Π1 = ∆P/ρu2. For lower velocities, the dynamic pres-
sure ∆P is also lower.
A very low Π1 value was observed with a rigid barrier at a relatively high Froude number
of Fr ≈ 5. This value can be attributed to the significant vertical deflection with rigid
barriers at high Froude numbers. As a result, the dynamic load ∆P is reduced.

The analysis of the maximum loads in the laboratory tests generally demonstrates the
following points:

• The dynamic pressure increase ∆P depends on the velocity u2. Therefore, larger
impact velocities result in greater loads acting on the structure.
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Fr < 2 
Rigid barriers 

Figure 5.17: Fmax with and without hydraulic pressure Fhyd.

• The interaction with the barrier is a hydraulic problem, namely the flow around
an obstacle. The barrier’s resistance to the flow is expressed by a resistance value
cd, which can also be expressed as the dimensionless number Π1 = 1

2
cd. Since the

barriers have a relatively similar cd value once they are blocked with stones, only
the debris-flow material itself plays a significant role.

• Furthermore, Π1 is material-dependent. Higher Π1 values can be observed with very
cohesive materials. This suggests that a material parameter αm can be introduced
in addition to the pressure coefficient cd of the barrier. It follows that

Π1 =
∆P

ρu2
=

1

2
cdαm → ∆P =

1

2
cdαm︸ ︷︷ ︸
cp

ρu2 (5.21)

with cd being the resistance value of the barrier, αm a material-specific factor of
the debris-flow material, ρ the density of the debris flow, and u the average front
velocity. 1

2
cdαm is integrated into the value cp, a specific pressure coefficient. This

approach is in line with the calculation methods previously recommended in the
guidelines for protection against gravitational natural hazards [60] as well as with
the approaches of Coussot [21] and Armanini [3] (see section 6.1).

• Rigid barriers in the flow path of high-velocity flows have a low dynamic pressure
coefficient cp. This is because the debris-flow stream is directly deflected vertically
upwards by the impact side of the barrier. Occasionally, this phenomenon can also
be observed with flexible barriers in the flow path of very high velocity debris flows
(see Fig. 5.10). The vertical deflection reduces the load acting on the barrier and,
thereby, also the ∆P and cp values. However, it is important to consider that the
full hydrostatic pressure already acts during the impact of the debris flow onto an
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Figure 5.18: Test with a Froude number of 1.5. Flexible (top) and rigid (bottom) barriers are
slowly filled. The full hydraulic pressure applies across the fill level at Fmax. Legend: Fliesshöhe
= flow depth; Kraftmessung = force measurement; Zeit = time.

impermeable obstacle (see Fig. 5.18). Therefore, relative to the total load, the rigid
barrier is not subjected to higher loads than a flexible one.

• The cp values measured in the laboratory tests, also referred to here as the dimen-
sionless value Π1, ranged from 0.1 to 0.9 (see Fig. 5.19, bottom).
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Figure 5.19: Pdyn values were lower in slow tests with rigid plates at Fr < 2 as a result of ρu2

(top). Due to Fr, Π1 showed high values for Π1 in tests using the Trachtbach material, and
low values for Π1 for both rigid barriers as well as for small Froude numbers (bottom).

5.3.5.2 Static Load

The load curve of the barriers shows a decrease from the dynamic maximum load to the
static load Fstat (see Fig. 5.15). Over time, this value decreases a little due to drainage
(see section 5.3.6). The static load is applied by the debris-flow material retained behind
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the barrier directly after the flow at

Fstat =

∫ hfill

0

Phyd(h)bdh =
1

2
ρgh2

fillb. (5.22)

If the debris cone has almost completely drained, the static load slowly approaches the
active earth pressure at

Fstat t→∞ =

∫ hfill

0

Phyd(h)bdh =
1

2
Ka,hγh

2
fillb (5.23)

with Ka,h being the factor of the active earth pressure

Ka,h =
cos2(φ+ α)

cos2(α)
(
1 +

√
sin(φ+δ) sin(φ−β)
cos(α−δ) cos(α+β)

)2 . (5.24)

A definition of the angle is provided in Figure 5.20.

Figure 5.20: Definition of the angle during active earth pressure according to [47].

According to section 5.2.3.5, a friction angle of φ′ ≈ 40◦ then yields a coefficient of
Ka,h = 0.2. The line in Figure 5.21 indicates the active earth pressure for fill levels
hfill < 28cm relative to Fstat immediately following the tests.
Figure 5.21 confirms that Fstat depends on h2

fill. However, a prominent increase of Fstat

in tests using fill levels hfill > 28cm, or h2
fill > 784cm2, was observed. Here, the values

deviated significantly from the linear relationship to h2
fill. This is due to the overflow

process that occurred in these tests. While the filling process was ongoing, additional
overflowing occurred in all tests with hfill > 28cm. As a result, the density ρ of the
material retained behind the barrier was increased. This occurred because the vertical
load of the overflowing debris flow compressed the grains. In this case, what is referred to
as the pack size of the debris-flow material within the cone is increased. As a result, Fstat

increases as well.
According to [46], the increase in Fstat is caused by the higher velocities in the tests
with hfill > 28cm. These tests show that, for hfill > 28cm, Fstat depends on u2. At
higher velocities, the grains directly behind the net are compressed as well, resulting in
an increase of Fstat.
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Figure 5.21: Fstat as a function of fill level h2fill for tests with hfill < 28cm (no overflowing)
and tests with hfill > 28cm (overflowing). The line indicates the active earth pressure at a
friction angle of φ = 40◦. Legend: mit Überströmen = with overflow; ohne Überströmen =
without overflow; mit aktivem Erddruck = with active earth pressure; Steigung = slope angle.

5.3.6 Drainage

In order to determine an approximate permeability value kf for a stopped debris-flow cone
with Illgraben material, water drainage across time t was assessed immediately following
the test. The recorded water drainage was highest immediately after the test and then
rapidly decreased at an exponential rate (see Fig. 5.22). Increased water drainage was
observed in the 100l test depicted in Figure 5.22, due to the higher retention volume
of V = 57.4l behind the barrier compared to the retention volumes of V = 31.7l and
V = 32.7l in the 50l tests. The two 50l tests resembled each other with respect to the
approximated exponential function. Drainage in test no. 65 was q = 12+ 216e−t/10.91 and
q = 12+ 243e−t/20.78 in test no. 66, each with a coefficient of determination of R2 = 0.99.
The slightly increased drainage in test 66 compared to test 65 can be explained by the
increased afflux length of the retention cone.

In order to determine an approximate value for the permeability kf , the debris-jam cone
must be considered as a porous medium. To this end, a calculation method from the do-
main of groundwater hydraulics was used [101]. The conditions are described by means of
the differential equation for an unconfined aquifer, according to the approximate solution
by Dupuit, i.e.

∂2(h2)

∂x2
= 0 (5.25)

with h(x) being the line of the water surface, which is still visible on the cone shortly after
the test (see Fig. 5.23). Integrating the equation 5.25 twice and inserting the boundary
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Figure 5.22: Measured water drainage over time in two 50l tests, and one 100l test using
Illgraben material and a water content of w = 30%. Legend: Versuch = test; Funktion =
function; Abfluss = drainage; Zeit = time.

hfill

zx
L

Debris flow cone
h(x)

Figure 5.23: Water level in the retention cone immediately following the test (left), and
schematic representation of the retention cone for the determination of flow (right).

conditions hx=0 = hfill for hx=L = 0 yields

h2 =
−h2

fill

L
x+ h2

fill = h2
fill

(
1− x

L

)
(5.26)

According to Darcy’s law, it follows for flow and drainage q per meter width that

qx = hvx = −kfh
h

dx
=

−kf
2

d(h2)

dx
(5.27)

If equation 5.26 is now inserted into equation 5.27 and the channel width b = 0.3m is
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taken into account, then everything can be solved for kf , so that kf becomes

kf =
2qxL

h2
fillb

(5.28)

The assumption that the water surface is still visible on the surface of the cone only applies
for the first few minutes following the filling process. Thereafter, the material becomes
permeable, as shown in Table 5.8.

Table 5.8: Averaged permeability values kf for three Illgraben Tests.

Test No. Time (Cumulative)[min] Permeability kf [m/s]

65 10 5.5 · 10−4

66 2 8.8 · 10−4

66 7 7.8 · 10−4

66 22 3.7 · 10−4

67 5 3.1 · 10−4

67 10 5.5 · 10−4

67 15 4.6 · 10−4

Based on the averaged permeability values kf after 10min of drainage, kf ≈ 5.5 · 10−4 for
test 65 and 67, and kf = 6.67 · 10−4 for test 66. A classification of the Illgraben material
used (grain-size distribution curve in Figure 5.4), based on DIN 18196 [31] and DIN
4022 [33], revealed that grain sizes of d < 2mm account for 50% of the material, whereas
grain sizes of d < 0.06mm account for 20%. As a result, the Illgraben soil belongs to soil
type GM (G=gravel, M=silt), i.e. (1) moderately loose soil consisting of a mixture of sand,
gravel, silt, and clay, in which grain sizes of d < 0.06mm account for more than 15%; and
(2) cohesive soil types of low to medium plasticity, which are soft to semisolid and consist
of less than 30% stones with a diameter d between 0.063m and 0.3m. A permeability of
5 · 10−5 to 10−7 is indicated for silt-sand mixtures [41]. The value kf = 5.5 − 6.6 · 10−4

measured in the laboratory tests, therefore, seems slightly too high. However, this might
be due to the deposition of more gravelly material at the net. The literature suggests
kf = 10−2 − 10−4 for pure gravel [41], which supports the measured values.
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5.4 Numerical Modeling of the Laboratory Tests

5.4.1 Coefficients of Friction

The conservation-of-energy analysis from section 2.2.3 also applies to the laboratory
tests. When a debris flow is triggered, potential energy is converted into kinetic energy
and possible internal energy losses (see equation 2.22). According to equation 2.33, the
internal losses are subdivided into the Mohr-Coulomb friction (dry friction), the viscous
friction, and the losses due to what is known as random energy. These loss processes
prevent debris flows from accelerating continuously, and cause them to halt – at some
point – of their own accord.
In section 4.4, the friction parameter µ = τ/σ is determined based on the values measured
for the normal stress σ and the shear stress τ , obtained with the debris-flow balance for
field events in the Illgraben.
For comparison, the orders of magnitude µ and individual influencing factors for the
laboratory tests are indicated; this was done in order to subsequently implement the
derived friction law into the simulation of the laboratory tests in AVAL-1D. A more
detailed description of the development of the friction parameters for the laboratory tests
is provided in [46].

5.4.1.1 Friction Parameters in the Laboratory Tests

During the field tests, the time course of µ was measured at the balance. In the laboratory
tests, µ could be determined only as an average value, based on the conservation of energy
at three different sections, for each test. Since the kinetic energy K is identified based
on the average front velocity ufront, each determined µ value applies to the front. The
highest velocities occur in the area with the highest flow depths hfl,max. This area appears
shortly after the front; hence umax ≈ ufront applies. As a result, µ (determined based on
the energy balance with ufront) is comparable to Ẇg (determined based on equation 2.23
with hfl,max).
Based on Figure 2.9, the laboratory debris flow was simplified to a block of mass m. As
suggested in [46], the energy balance for a block of mass according to equation 2.22 yields
µ for the respective section measured, so that

µ = tan (Θ)− u2
1 − u2

2

2g cos (Θ) s
(5.29)

with Θ as the channel slope. u1 and u2 are the average flow velocities of the respective
laser sections of length s. µ can either be determined for individual sections between the
lasers or as an average value for the entire length of the channel. The following influencing
factors for the coefficient of friction µ of the laboratory tests were observed [46]:

• Material With identical launch volumes and inclinations, the material from the
Alpbach exhibited significantly lower values for µ(t) than the material from the
Illgraben. This was due to the higher water content of the Alpbach material (see

136 WSL Berichte, Heft 44, 2016



5.4 Numerical Modeling of the Laboratory Tests

water content below). Compared to the results from the tests with Illgraben material,
the material from the Trachtbach exhibited lower µ values, due to its high cohesion.
Therefore, more cohesive materials have lower µ values, which can be explained with
the Mohr-Coulomb law (see equation 2.20).

• Inclination and launch volume In this case, only the Illgraben tests can be
compared to each other, since only they were carried out with different inclinations.
An overview of the µ values as a function of channel slope is provided in Figure 5.24.
This suggests that, as inclination increases, the µ value increases as well. In addition,
a line indicating the steady flow with µ = tan θ is shown. µ > tan θ indicates a
decelerating, and µ < tan θ an accelerating debris flow. Figure 5.24 confirms the
hypothesis from section 5.3.3: that debris flows are continuously decelerating at an
inclination of 25%, whereas they are continuously accelerating at inclinations of 40%
and 50%.
Moreover, greater launch volumes were associated with lower µ values. This can be
explained by the flow depths; greater launch volumes are usually associated with
greater flow depths, and, as a result, the friction values are reduced.
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Figure 5.24: Calculated coefficients of friction µ as a function of channel slope for the tests
with Illgraben material.

• Water content Here, [46] is based on the data by Weber [106], since water content
only varied between the different materials in the performed laboratory tests. The
material used in the tests by Weber was collected in the Schipfenbach near Silenen.
The tests were performed using the same channel and an identical cross section;
only the channel floor was different. As a result, the µ values cannot be directly
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compared to the tests in the present work. However, there is a clear trend, which
demonstrates that a higher water content in the debris flow is associated with lower
coefficients of friction µ (see Fig. 5.25). Furthermore, these tests also confirm that
µ is greater for steeper slopes (see Fig. 5.25).
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Figure 5.25: Calculated coefficients of friction µ for the tests by Weber [106] with the material
from the river Schipfenbach at inclinations of 40% and 50% and a launch volume of 100l.

• Rate of gravitational activity Ẇg In order to calculate Ẇg using equation 2.23,
the flow velocities and maximum flow depths were averaged across the entire length
of the channel. Figure 5.26 shows a trend towards lower µ values for higher work
rates Ẇg.

• Time course The evolution of µ along the channel during the flow process will
be discussed here. According to [46], lower µ values should be observed at the
beginning of the channel than for sections further along the channel. As shown in
Figure 5.12, this is a consequence of the flow-depth development along the channel;
the flow depths continually decrease as the debris flow moves down the channel,
thus increasing the µ values. For a more detailed description of the µ values across
the sections between lasers, see [46].
Variable µ values have also been observed in the test results from the Illgraben
(see section 4.4). In these tests, µ was higher at the front of debris flows than
in the following debris-flow tail. This could also be observed during the event of
October 3, 2006, among others. At this front, µ values ranged from 0.12 to 0.15,
whereas they immediately decreased to 0.1 right after the front (see Fig. 5.27).
Unfortunately, relatively few µ values have been measured for the front here as
well, since it was very steep and very short. For further results concerning µ during
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Figure 5.26: Coefficients of friction µ as a function of rate of gravitational activity Ẇg for
the tests using Illgraben material, with adjusted curves for equation 5.33 for the different
inclinations. Legend: Neigung = slope inclination.

field events and their analysis and interpretation, see [62].

The field of avalanche dynamics revealed the following dependency for µ [6]

µ = µ1 + (µ2 − µ1)e
−k′Ẇg (5.30)

with µ1 =
(
τ
σ

)
h→∞ as a tangent to the µ values measured for high flow depths. µ2 =

(
τ
σ

)
h→0

is the tangent for lower flow depths. For a definition of µ1 and µ2, see Fig. 5.27 in [6].
The parameters for equation 5.30 have been reliably estimated for Illgraben material
with different inclinations using MATLAB (cftool function). The curves are shown in
Figure 5.26. However, due to missing data points, the determination of µ according to
equation 5.30 is very vague and, therefore, should be interpreted with caution. For a
detailed description of the proceedings and the statistical background, see [46].
µ decreases as the rate of gravitational activity increases as a result of the additional
internal contribution to losses due to random energy (see equation 2.34). As Ẇg increases,
the random energy increases as well. As the random-energy contribution increases, the
dry-friction contribution decreases µ (see equation 2.33). The differential equation for
random energy (equation 2.34) can be solved for Ẇg = const., so that

R(t) =
α

β
Ẇg

(
1− e−βt

)
+R0e

−βt (5.31)

WSL Berichte, Heft 44, 2016 139



5 Physical Modeling
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Figure 5.27: µ values measured for the Illgraben event on October 3, 2006 (left), and definition
of µ1 and µ2 according to [6] (right).

with R0 = R(0), i.e. the random energy R at time point zero. For Ẇg 6= const., the
course of R(t) can be calculated numerically, and for high values of β (compared to the
calculation steps for ∆t), the equation 2.34 can be simplified to

R(t) ≈ α

β
Ẇg(t) for Ẇg(t) 6= const. and β � ∆t. (5.32)

Inserting equation 5.32 into equation 5.30 yields

µ = µ1 + (µ2 − µ1)e
−kR (5.33)

with k = α/β, i.e. the friction parameter µ directly depends on the random energy R.
Unfortunately, this cannot be measured directly.
Furthermore, the best-fit curves in Figure 5.26 show a shift of the curves for different
inclinations. Gentler inclinations result in lower flow velocities and lower values for µ, and
steeper inclinations in higher flow velocities and larger µ values. This, then, indicates the
velocity-dependent viscous friction component from equation 2.33, which shifts the curves
vertically in combination with µc. This effect is not taken into account in equation 5.33.
For µmod, derived from equation 2.33, arises

µmod =
τ

σ
= µc︸︷︷︸

Coulomb friction

+
u2

hfl cosΘξ︸ ︷︷ ︸
viscous friction

− 2λ′
√

Ẇg︸ ︷︷ ︸
random energy

(5.34)

with σ = ρghfl cosΘ, µc as the friction value for the Coulomb friction, ξ as the coefficient

of viscous friction, and λ′ =
λ
√

α
β

ρhflg
as the coefficient accounting for the random-energy

contribution. In equation 5.32, random energy is expressed as R(t) = α
β
Ẇg(t).

This derived friction law will be used in the modeling of the laboratory tests below.

5.4.2 Modeling of the Tests using Material from the Illgraben

Only tests with an inclination of 25% will be considered and modeled in AVAL-1D. The
change of the friction parameter during the flow process is described by equation 5.34.
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For λ′ = 0, equation 5.34 describes the Voellmy model used in avalanche dynamics [7]. An
overview of the dimensions of the parameters µc, ξ, and λ′ is provided in Table 5.9. The
channel is subdivided into the acceleration track, made of steel, and the measuring track,
with a channel floor consisting of rough pebbles. The values in Table 5.9 refer to the tests
using the Illgraben material and an inclination of 25%. With other materials, such as the
material from the Trachtbach, for example, the ξ value was significantly higher (ξ = 106)
and the λ value significantly lower (λ′ = 0.01). This material, which acts rather viscously,
can be described approximately using the Voellmy model; the material from the Illgraben,
however, cannot be adequately described by this model (see Fig. 5.28).

Table 5.9: Dimensions of the friction parameters, used in the AVAL-1D model, for Illgraben
material at an inclination of 25%.

Channel section µc[−] ξ[m/s2] λ′
[

kg√
Ws2

]
Steel 0.2 10.0 105 0.2
Measuring channel 0.37 4.0 105 0.4

Modeling of the Barrier

The available geometric input functions are well-suited to represent the geometry of the
channel. However, despite the acceleration track’s S-shape, it can only be represented
linearly (see Fig. 5.1). Furthermore, reproduction and modeling of the installed barrier
is difficult. Here, the only possible solution is to model the barrier as a rigid geometrical
discontinuity, with a 90◦ angle perpendicular to the direction of the streambed. Conse-
quently, the stiffness of the simulated barrier more closely resembles the stiffness of rigid
barriers, and not that of flexible nets. Furthermore, the energy-dissipation behavior of
the layer in the simulation model cannot exactly reproduce the behavior of the barriers
(particularly of the flexible ones).

50l Tests

The 50l Illgraben tests at an inclination of 25% will be discussed first. As shown in Fig-
ure 5.28, the following velocity developments were observed. The Voellmy model for λ′ = 0
was also included in the figure.
This demonstrated that the performed debris-flow tests cannot be described using the
Voellmy model, i.e. with only a dry and a turbulent friction component. This also proves

that the last component (2λ′
√

Ẇg) from equation 5.34 influences the flow process signif-

icantly. These observations suggest that significant energy losses during the debris-flow
process can be attributed to random energy. The model seems to adequately reproduce the
velocity development along the channel and the flow-depth development (see Fig. 5.29).
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Figure 5.28: Velocity development in the laboratory tests using Illgraben material, an incli-
nation of 25%, and a launch volume of 50l compared to simulation values in AVAL-1D for
modified friction parameters for granular media. Legend: Mittlere Geschwindigkeit = average
velocity; Versuch = test; Mittelwert der Versuche = test average; Modellierung with = modeled
with; Nr = no.

In addition, the deposition behavior of the simulated 50l tests was compared to the depo-
sition behavior in the actual channel (see Fig. 5.30). Good agreement of the debris-flow
cones was observed. The extent of the deposition zone was approximately identical to
lcone ≈ 100cm, as was the impounding depth. Furthermore, in the channel, very little
material was deposited behind the cone; this was true both in the model as well as in
the tests using Illgraben material. In the 50l tests with an inclination of 25%, 1 − 3l of
material were already deposited along the channel behind the cone. This occurred a little
more in the simulation of ≈ 10 l, although in these cases, the deposition behavior behind
the barrier was described relatively well nonetheless.

Figure 5.31 shows the development of flow depths at each laser measuring point for test
no. 63, as an example of the 50l tests. It should be noted that the flow depth cannot
be represented correctly immediately after the acceleration track. It is much too low in
the simulation. However, the values measured at the second laser in the laboratory test
correspond exactly to the simulation, bringing the test and simulation back into coherence.
Laser 3 and 4 correspond relatively well in terms of spike timing, due to the concordant
velocity developments in the laboratory test and simulation (see Fig. 5.28). Nevertheless,
the flow depths in the simulation are slightly lower at these points.
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Figure 5.29: Flow-depth development in the laboratory tests using Illgraben material, an in-
clination of 25%, and a launch volume of 50l compared to simulation values in AVAL-1D for
modified friction parameters for granular media. Legend: Versuch = test; Rinne war nicht
bewässert = chute has not been spayed before test; Mittelwert Versuche = test average; Mod-
ellierung with = modeled with; Fliesshöhe = flow depth; Nr = no.

100l Tests

The velocity development in the 100l tests was somewhat more scattered - both between
and within individual tests - than in the 50l tests (see Fig. 5.32). Test no. 62 is an outlier
because the material remained in the launch container for 5min, causing the phases to
separate. The velocities at lasers 3 and 4 in the simulation were somewhat lower towards
the end than in the laboratory tests. In contrast, the 100l tests accelerated downwards
again. This effect cannot be represented using the friction-parameter model according to
equation 5.34.
However, the flow-depth development again demonstrated good agreement between the
simulation and the performed tests (see Fig. 5.33).
A figure indicating deposition will not be shown for the 100l tests, since it looks very
similar to that of the 50l tests. Compared to the 50l tests, a small portion of the 100l
overflowed the installed barrier in both the simulation and laboratory tests. However, the
cones formed during these tests were, aside from a slightly longer afflux length lcone in the
100l tests, comparable to those in the 50l tests.
The flow-depth development along the channel in test no. 61 is shown in Figure 5.34.
It demonstrates a generally good agreement between the simulation and laboratory test.
Once again, the flow depth immediately after the acceleration track was too low in the
simulation, a result which may be due to an inaccurate reproduction of the acceleration
track in the simulation.
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Figure 5.30: Deposition behavior in laboratory tests using Illgraben material at an inclination
of 25% and with a launch volume of 50l (top), compared to simulation values in AVAL-1D
(middle and bottom).
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Figure 5.31: Development of flow depths directly at the lasers for test no. 63 with 50l and an
inclination of 25%, and for the simulation of the test in AVAL-1D. Legend: Versuch = test;
Modell = model; Fliesshöhe = flow depth; Zeit = time.

Figure 5.32: Velocity development in the laboratory tests using Illgraben material, an incli-
nation of 25%, and a launch volume of 100l, compared to simulation values in AVAL-1D for
modified friction parameters for granular media. Legend: Geschwindigkeit = velocity; Mittel-
wert Versuche = test average; Versuch = test; Modellierung mit = modeled with.
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Figure 5.33: Flow-depth development in the laboratory tests using Illgraben material at an
inclination of 25% and with a launch volume of 100l, compared to simulation values in AVAL-
1D for modified friction parameters for granular media. Legend: Fliesshöhen = flow depths;
Versuch = test; Mittelwert Versuche = test average; Modellierung mit = modeled with; Nr. =
no.

Figure 5.34: Flow-depth development directly at the lasers for test no. 61 with 100l and an
inclination of 25%, as well as for the simulation of the test in AVAL-1D. Legend: Versuch =
test; Modell = model; Fliesshöhe = flow depth; Zeit = time.
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5.5 Interpretation of the Laboratory Tests

5.5.1 Applying the Model to Reality

The performed dimensional analysis and examination of the dimensionless numbers con-
firmed that the experiments are applicable to certain areas of reality. They demonstrated
good agreement between relevant dimensionless numbers from the performed laboratory
tests and those from naturally-occurring debris flows. In addition, the dimensional
analysis confirmed that the launch volumes in the experiments were too low compared to
the typical surge volumes in nature. Furthermore, the Froude numbers obtained in the
laboratory tests were slightly too high. Neither of these two problems can be solved at
the same time as the other. At the minimum inclination (25%), lower Froude numbers
can only be achieved by reducing the launch volume.
However, visual observations revealed a distinct debris-flow front during the flow process.
This suggests that the front area of the model debris flow is very similar to those of
naturally-occurring debris flows. Only the subsequent debris-flow tail was too short in the
laboratory, a result which can be attributed to the lower launch volumes. Nevertheless,
the front is far more relevant for the interaction between debris flow and barrier and for
a description of the filling process than the subsequent tail, which merely overflows the
barrier afterwards.

5.5.2 Transferability of the Flow Process

The flow development of the laboratory debris flows along the channel exhibited, similarly
to debris flows in the field, decreasing flow velocities with gentle inclinations and higher
friction losses. Smaller launch volumes also resulted in friction-dominated, decelerating
debris flows. When a debris flow is decelerating, its flow depth increases, and vice versa.
This effect occurs because the material of an accelerating debris flow gets pulled apart,
which decreases the flow depth, and, in order to fulfill the condition of continuity Q = uA,
hfl has to decrease with higher u and identical cross-section width. The opposite effect
occurs in friction-dominated flow regimes.
A closer examination of the friction parameters reveals that µ did not act uniformly
along the measuring track. This confirms Bartelt’s assumption [5] that, in granular media,
µ decreases as flow depths increase, and increases again with decreasing flow depths.
Moreover, µ strongly depends on the water content of the debris flow. µ decreases as
water content decreases, i.e. more grains rub against each other, since fewer interstices
are filled with water. The loss of friction due to random energy could only be demonstrated
vaguely due to the low number of applicable experiments. Nevertheless, a trend emerged
suggesting that µ values were lower at higher rates of gravitational activity Ẇg due to the
random-energy contribution. The finding that the value of µ does not remain constant
throughout the flow process of a debris flow is important for the modeling of the tests.
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5.5.3 Interaction between Debris Flow and Barrier

The prevailing flow velocity of the debris flow during impact on the barrier influences pri-
marily the filling process and the applied load. The maximum load Fmax and its dynamic
component Fmax −Fhyd is proportional to the velocity u2. Fmax in very rapid debris flows
was shown to result primarily from the dynamic load of the debris-flow wave, whereas
the hydrostatic pressure was shown to exert an effect solely via the flow depth of the first
wave. In contrast, Fmax in very slowly-flowing debris flows was shown to occur almost
simultaneously with the maximum fill level of the barrier. In this case, the hydrostatic
pressure is significantly higher. A distinct difference between impacts of very fast- and
slowly-flowing debris flows can also be observed visually. Debris flows with Froude num-
bers of Fr > 2 generally get deflected vertically at the barrier and overflow the barrier
initially, before the material that follows can fill it (for a schematic representation, see
Fig. 5.11, right). Physically, this effect can be explained by means of the impounding
depth himp = u2/(2g). It provides an additional contribution to the impact level hw of the
debris flow, since hw = hfl +himp. Since the impounding depth is calculated based on the
kinetic energy and the squared velocity, the contribution of himp is significantly greater at
high velocities. As a result, the debris flow is deflected upwards/stretches out vertically
due to its increased area of effect hw. A discussion of himp is also provided in [60, 3] in
chapter 6. This component remained small in slow debris flows, and there was hardly
any visible vertical deflection. Instead, a kind of reverse-flow wave developed and flowed
upstream (schematic representation in Fig. 5.11, left). Both types of filling processes are
of critical importance for the subsequent load model (in chapter 6).

An examination of the pressure coefficient and the dimensionless number Π1 revealed
that the pressure coefficient is clearly material-dependent. With identical barriers, i.e.
with identical drag coefficients cd, higher Π1 values were observed in experiments using
Trachtbach material. This material is very viscous and cohesive. It became apparent that
an additional, material-dependent factor αm was needed to describe the occurrent debris-
flow pressure forces, reflecting their increase in cohesive, viscous materials. This factor,
however, can be combined with the width-dependent cd value into a specific pressure
parameter cp = αm · cd. The cp value then corresponds to the dimensionless number Π1

in the laboratory tests. In the performed tests, its values ranged from 0.1 to 0.9. This
range of values is at the lower end of the spectrum for application to naturally-occurring
dynamic debris-flow loads (see chapter 6). Other load approaches indicate larger values
for the dynamic amplification, with maximum values of up to 2 − 15 [2, 20].

The type of barrier also plays an important role during occurrent debris-flow loads. The
contribution of the dynamic component of the debris-flow load was smaller during impact
onto rigid, impermeable barriers; this was due to the added vertical-deflection effect. In
this case, the full hydraulic pressure of the debris flow was applied across the fill level
instead. As a result, the total load applied to rigid barriers was not smaller than that
acting on flexible barriers. No definitive conclusions regarding the retaining capacities of
rigid and flexible barriers could be reached.

With respect to geometric properties, such as mesh size and basal opening, the following
observations were made: At a mesh size of M = d90 grain size, the material properties
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were conducive to debris jams. With respect to the basal opening, the experiments
demonstrated that its dimensions depend on the overlap between the flow depth and
the bottom part of the barrier. With a basal opening of hd < 2/3hfl, there was a high
probability of the material causing a debris jam. In this case, only the timing of the
debris jam played a significant role. If the drainage channel is somewhat larger (near
the threshold value of hd = 2/3hfl), the debris jam occurs later than with smaller basal
openings, which cause blockage earlier and, thus, lead to faster filling of the barrier.
These processes are very similar in nature, and the test results are, therefore, directly
transferable. The geometric parameters used in the laboratory tests, such as mesh
size M and basal opening hd, can be scaled up to ideal field dimensions based on the
dimensionless numbers Π6 and Π8 (see [109, 110]).

5.5.4 Validity of the Simulation

The simulation in AVAL-1D confirmed the laws known to date for granular media. The
current Voellmy model was modified by means of code adjustments to include an ad-
ditional energy contribution: random energy. The velocity development, the flow depths,
and the deposition behavior of the laboratory debris flows could not be described in terms
of dry and viscous friction (Voellmy model) alone. The parameters of the model, µc for dry
friction, ξ for the viscous-friction component, and λ′ as the random-energy contribution,
were determined for Illgraben material by means of two simulated experiments.
The results of the simulation correspond well to the results of the laboratory tests. How-
ever, the acceleration track cannot easily be reproduced due to its S-shaped geometry;
consequently, the flow depths measured at the first laser were too low in the simulation.
Nevertheless, the flow depths at subsequent lasers again correspond well to those in the ex-
periments. The deposition behavior along the channel and at the simplified model barrier
can be modeled accurately in the simulation, although the simulation barrier can never
reproduce the actual energy-dissipation principles of the barriers used in the laboratory.
The simulation offers an additional opportunity to validate the model of process-
dependent friction parameters in a debris flow. With respect to debris-flow modeling,
these findings serve as a reminder that the model of a simplified block on an inclined
plane with µ = const. does not describe problems involving flowing debris flows accu-
rately.
In addition, the performed laboratory tests and their results could be validated with the
help of a software tool. This confirms the transferability of the test results both to actual
debris-flow properties and to the load model described in the following chapter.
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6 Basic Principles for the Design of
Debris-flow Nets

This chapter provides a brief overview of current approaches to the dimensioning of rigid
structures. Because flexible barriers represent a new approach to debris-flow retention,
very few design approaches are available to date. Therefore, the following section will
highlight different design options for flexible structures and discuss their applicability and
limitations. A new load model, resulting from data obtained in field tests, laboratory
tests, and a combination of hydraulic events, will be developed as a design basis, and
confirmed by means of measurement data. A subsequent discussion compares the previous
approaches to the newly-developed design approach, and draws conclusions for the future
design of flexible barriers.

6.1 Previous Load Approaches for Rigid Structures

The work of Schlickenrieder [89] includes a detailed overview of previous calculation meth-
ods for debris-flow loads, and a comparison of their results based on an example debris
flow. This section will briefly present only the most common and most relevant approaches
(for the design) from this work.

6.1.1 Kherkheulidze’s Approach

Kherkheulidze’s approach represents a method to calculate impact loads of muddy debris
flows [61]. It is one of the first approaches to calculating debris-flow loads, which already
exhibit density and velocity dependence. Kherkheulidze proposes the following equation
for the calculation of muddy debris-flow loads (static and dynamic)

P = 0.1γc(5h+ u2) (6.1)

with P [t/m2] being the debris-flow load averaged over height h, γc[t/m
3] being the

density of the debris flow, and u being the average velocity. He specifies that this formula
applies to debris-flow densities between 1.6 − 2.3t/m3, flow depths up to 11m, and
average velocities of u = 14 − 22m/s. The specified range of velocities clearly indicates
that the scope includes mudflows. However, the density range specified would also allow
this approach to apply to granular debris flows.
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6.1.2 Lichtenhahn’s Approach

In his work regarding the calculation of check dams, Lichtenhahn [66] indicates that the
hydrostatic water pressure is 7 − 10 times higher during a debris-flow surge. In practice,
this approach is often used for the design of protective structures for mountain torrents [8].
Water pressure is highest at the channel bed and, therefore, the debris-flow load amounts
to

Pli = kρwghfl (6.2)

with k = 7 − 10 according to [66] (k values in practice: k = 3 − 11). ρw being the bulk
density of water.
This approach is based entirely on flow depth hfl as the debris-flow parameter and is,
therefore, also referred to as a s̈tatic approachẅith dynamic amplification, as flow velocities
are not taken into account. This approach also does not take the density of the debris
flow explicitly into account.

6.1.3 Coussot’s Approach

Coussot subdivides debris-flow loads according to the kinds of debris flows [20]. He dis-
tinguishes between muddy and granular debris flows (for classification, see section 2.2.2).
He proposes the following method of calculation for muddy debris flows

F =
1

2
ρgh2

fl cos (Θ) b+ ρu2hflb (6.3)

with ρ being the density of the debris flow, hfl being the flow depth, Θ being the channel
slope, u being the impact velocity, and b being the width of the river or the structure.
This calculation method is subdivided into a hydrostatic and a dynamic component. The
flow velocity u can also be expressed using the Froude number with u = Fr

√
gh. As a

result, equation 6.3 can be expressed as

F =
1

2
ρgh2

flb(1 + 2Fr2) (6.4)

without taking angle impact cosΘ ≈ 1 into account. This transformation demonstrates
that - with a Froude number of 2 - the dynamic debris-flow load is already eight times
higher than the hydrostatic component. Therefore, in practice, the hydrostatic component
does not need to be taken into account when the Froude numbers are even higher.

For granular debris flows, Coussot proposes the following approach:

F = ρζu2hflb (6.5)

with ζ being the coefficient, which depends on grain density at the front and the braking
time t. Here, Coussot specifies values for ζ = 5 − 15. For the impact/braking time, he
indicates values between 0.03 − 2s. The hydrostatic debris-flow load is then ignored for
the amplification of ζ for granular debris flows.
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6.1.4 Armanini and Scotton’s Approach

Prior to calculating the impact load of a debris flow onto a rigid structure, the dynamics,
i.e. the flow process, of the debris flow has to be examined in greater detail [3]. According to
Savage/Hutter’s approach [87], the problem can be reduced to the one-dimensional, depth-
integrated, simplified model (see section 2.2.2.1). The transport equations 2.7 and 2.9
from section 2.2.2.1 apply. These equations can, for example, be solved for the boundary
conditions of a bursting dam. Here, a disturbance with the wave velocity c =

√
gh cosΘ is

assumed and inserted in the two equations. Θ is the channel slope. As a result, the front
velocity ufront = 2c = 2

√
gh cosΘ can be determined.

For the flow processes of debris flows, it must be assumed that the front velocity and the
flow velocity in the debris flow itself deviate from the above equation (see section 4.4),
depending on whether the debris flow is currently accelerating or decelerating due to
prevailing frictional forces. According to Armanini [3], the following difference in pressure
distribution develops on impact with a rigid structure:

a) if the debris flow is accelerating (a > 0), i.e. if the rate of gravitational activity is
greater than the rate of frictional activity (Ẇg > Ẇb), a vertical spread or deflection
develops following the impact with a rigid obstacle. The hydrostatic pressure Pstat

and the dynamic pressure4P generated by the flow momentum act on the structure
(see Fig. 6.1, a). The dynamic force of the debris flow is calculated based on the
conservation of momentum

F = ρQ(u1 − u2) (6.6)

with u1 being the impact velocity in flow direction and u2 being the velocity following
the braking process. In the case of impact loads of debris flows u1 = ufront and
u2 = 0. Q can be replaced by equation 3.2 with Q = uA, thus resulting in total
dynamic momentum

4F = ρu2A bzw. 4P = ρu2. (6.7)

4P is the dynamic-pressure increase. In this approach, Armanini neglected the
temporal change of the conservation of momentum in the control volume Vc because
it is relatively small. Moreover, he neglected the spread of 4P over4h (see Fig. 6.1).

b) if the rate of frictional activity is greater, i.e. Ẇb > Ẇg, the debris flow is de-
celerating. This is usually the case with granular fronts, with which the flow depth
continuously decreases. Upon impact, a reflection of the pressure wave occurs, which
represents a greater strain on the structure (see observations concerning pressure
surges from the laboratory studies in section 5.3.1). In open channels, a form of pres-
sure surge develops (see Fig. 6.1, b). A disturbance propagates upstream. According
to [3], the dynamic pressure can then be calculated approximately using

4P = ρu(u+ c) (6.8)

with c being the wave velocity of the reverse-flow wave, considered to be a hydraulic
problem of the surge barrage [86]. The wave velocities of uplift waves in deep waters
can be calculated using

c =
√

gh (6.9)

WSL Berichte, Heft 44, 2016 153



6 Basic Principles for the Design of Debris-flow Nets

and in shallow waters using

c =

√
g

(
h+

3

2
4h

)
(6.10)

with 4h being the height of the uplift wave. If 4h is, as in [3], not taken into
consideration (since it is comparatively small relative to h) the pressure from the
reverse-flow wave and the debris-flow load amounts to

4P = ρu(u+
√

gh). (6.11)

In this case, the debris-flow load is greater than in case a). However, the increase in
pressure is again proportional to u2.

c) If the process is neither accelerating nor decelerating at the time, it is considered

to be in a state of uniform motion (s̈teady state)̈, i.e. K̇ = 0 and, as a result,
Ẇg = Ẇb. In this case, the conformation of the debris-flow surge is uncertain.
Either a deflection or a reverse-flow wave may occur [3]. In case of doubt, standard
case b should be assumed.

∆P 

hfl 

hfl+∆h 

u 

Vc a) 

∆P 

hfl 

hfl+∆h 
u 

Vc 

c b) 

Figure 6.1: a) impact of a viscous debris flow onto an obstacle with upward spread and b)
impact of a granular, slow debris flow with reflected shock wave after [3].

In [1], a substitute debris-flow load that is dependent on flow depth hfl is derived as an
estimation formula. To this end, Armanini expresses the front velocity as the propagation
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of the disturbance of the dam-breaking wave ufront = 2c = 2
√
gh cosΘ. He inserts this

(amplified by 2) as the dynamic debris-flow load [2]

∆P = 2ρu2
front = 4ρghfl cosΘ (6.12)

in addition to a hydrostatic part
Pstat = γhfl. (6.13)

This results in a force of
PAr = 5ρghfl (6.14)

or the substitute force

FAr = Fdyn + Fstat = 4ρgh2
fl +

1

2
γh2

fl = 4.5γh2
fl. (6.15)

By means of this derivation, a complex load approach was turned into a static approach,
which in turn can be used as an approximate value for an estimation of debris-flow loads.

6.1.5 Hübl and Holzinger’s Approach

Hübl and Holzinger [49, 53] derive a pressure formula for debris flows on the basis of
laboratory tests. In order to characterize the flow behavior, they rely on Froude numbers,
and to describe the occurring maximum pressures, they define what they refer to as
pressure factors, which describe hydrostatic and dynamic pressure. Taken together, this
leads to the following formula

pmax = 4.5ρu0.8(ghfl)
0.6 (6.16)

with pmax being the maximum debris-flow load (static and dynamic), ρ being the density
of the debris flow, u being the flow velocity, and hfl being the flow depth of the debris
flow. [8] also suggest this formula for the dimensioning of protective structures in torrents.
This formula can be derived by means of the introduction of a pressure factor Kp =

pmax

ρv2
.

Following calibration with the laboratory tests, this yields Kp = 4.5Fr−1.2 [49], which
in [53] was originally Kp = 5.0Fr−1.2. Kp corresponds to a factor similar to the Π1 =

4P
ρu

defined in this work. This factor takes the dynamic component 4P , as opposed to the
maximum load, into consideration (see section 5.3.5.1).
Equation 6.16 yields pressure values Kp significantly higher than one for slow Froude
numbers (Fr < 2).

6.1.6 Cantonal Building Insurances (GBV)

Due to a lack of technical design requirements regarding approaches to debris-flow loads,
the Swiss cantonal building insurances have issued guidelines for planners and engi-
neers [60]. These are based on the previously tested and published guidelines of St.
Gallen’s building insurance. The version for all of Switzerland’s cantons takes into ac-
count the latest standards for support structures issued by the SIA. However, there is no
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official mandate requiring that the guidelines be followed.
The approach to debris-flow loads in the cantonal building insurance GBV’s guidelines is
similar to that of Coussot [20], and can be derived from the flow dynamics of avalanches.
The pressure resulting from the dynamic load depends on the flow velocity u, the density
ρ, and a dynamic factor a. This yields the formula for the debris-flow load

qf = aρu2 (6.17)

where a = 2 for granulitic debris flows, and a = 4 for granular debris flows.

Figure 6.2: Debris-flow impact on a building. qf is the dynamic debris-flow load, qe is the
quasi-static equivalent load of the individual impact, and qf,r is the frictional force acting on
the side walls [60]. Legend: Grundriss = horizontal projection.

In equation 6.17, the hydrostatic debris-flow load also needs to be taken into account.
Furthermore, according to [60], the impact of individual blocks also needs to be considered.
For the calculation of the resulting concentrated load and its influencing factors - as well
as their spatial distribution across the structure - see [60] on page 81. The analysis of an
individual impact on a support rope of a ring net barrier has been studied as part of the
design example in section 8.6.6.2.
With respect to load distribution, the debris-flow load is distributed uniformly across the
height hfl and is estimated linearly based on the dynamic pressure himp = u2/(2g) (see
Fig. 6.2). The concentrated load is to be calculated for the least favorable location. The
frictional force of the debris flow on structures standing parallel to its flow path will not be
discussed in this work (for full particulars, see [60]). This force component is not relevant
for the design of debris-flow barriers perpendicular to the flow direction.

6.1.7 Swiss Construction Standard SIA

Generally, there are no specific construction standards for debris-flow loads, neither
in Switzerland (SIA) nor in Germany (DIN, see section 6.1.8). The guidelines by the
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Cantonal insurances [60] described in the previous section extend the scope of the Swiss
SIA standard.
In SIA 261/1 [93], debris flows are referred to as extraordinary impacts. These are
generally recorded by means of hazard and intensity maps, according to Confederation
recommendations and guidelines. They are based on recurrence periods of 30, 100, and
300 years. SIA 261/1 subdivides debris flows into two levels of intensity - medium and
strong. A debris flow of medium intensity is associated with flow depths of hfl < 1m and
flow velocities of u < 1m/s; both the flow velocities and flow depths are higher than
these threshold values for debris flows of strong intensity.
Based on SIA 260 [91] and the GBV, the following design concept with the appropriate
safety factors was devised and is shown in Table 6.1.

Table 6.1: Safety factors for the impact of debris-flow loads according to the GBV [60] based
on SIA 260 [91]

Recurrence Period Safety Factor γf Impact

1 - 30 years γf = 1.5 Fd
1

30 - 100 years γf = 1.3 Ad
2

More than 100 years γf = 1.2 Ad
2

1 Normal impact Fd according to paragraph 4.4.2.1 SIA 260
2 Extraordinary impact Ad according to paragraph 3.2.2.8
SIA 260

The rated value of an impact Fd or an extraordinary impact Ad is then calculated as
follows:

Fd = γfFrep or. Ad = γfArep (6.18)

with Frep being the representative intensity and Arep being the extraordinary intensity
of the debris-flow impact. The debris-flow impact has to be determined according to the
load approach of the GBV’s guidelines.
The design concept proposed by the GBV contradicts SIA 261/1 [92], which states that
debris flows should always be categorized as extraordinary impacts. As a result, according
to Table 6.1, only recurrence periods greater than 30 years with γf = 1.3 and γf = 1.2
would be taken into consideration. Chapter 8 provides further information regarding a
proposed design concept for the ring net barriers, which is followed by a critical analysis
of the safety factors proposed in the GBV (on the basis of the SIA). Moreover, the question
concerning the required safety parameters represents a potential future prospect for this
work.

6.1.8 German Industry Standard DIN

Debris-flow loads are not explicitly considered in the German DIN standards. In Germany,
check dams are designed using the load approach by Lichtenhahn [89], according to the
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Bavarian Office for the Environment (see section 6.1.2).
The safety factors on the impact side depend on whether the debris flow is defined as an
extraordinary impact Ad or as an unfavorable, variable impact (working load).

• According to DIN 1055-9 [28], extraordinary impacts usually have a short duration
of action and a low probability of occurrence. Here, Ad = γAAk with γA = 1.0 applies
to the impact (according to DIN 1055-100 [27]). In addition, the continuous strain
resulting from the dead load has to be taken into account in the form of γG = 1.0
and combined with the extraordinary load.

• If the debris-flow impact is not considered to be an extraordinary impact, and instead
is classified as a variable impact, the safety factor changes to γQ = 1.5. Here, the
permanent loads need to be taken into account using γG = 1.35.

6.1.9 Evaluation of Load Approaches for Rigid Barriers

The load approaches for debris flows generally can be subdivided into three different types.

• Static approaches Only the flow depth of the debris flow is considered as a de-
pendent variable in the calculation (see Lichtenhahn’s approach [66]). Density and
flow velocities are not explicitly taken into account. The dynamic debris-flow load is
then calculated based on an amplification of the static water pressure with a factor
of 3− 11.

• Mixed approaches Here, both the hydrostatic as well as the dynamic debris-flow
loads are taken into account in the form of discrete variables (approaches according
to Kherkheulidze [61], Armanini/Scotton [3], and the mudflow approach according
to Coussot [20]). Because this latter mixed-approach method considers both com-
ponents (static and dynamic) separately, it is based on the laws of physics. With
respect to the dynamic component, all approaches incorporate the squared velocity,
thus indicating the kinetic energy.

• Dynamic approaches These methods usually calculate only the dynamic compo-
nent of the debris-flow load. The static component needs to be either considered
separately (see the GBV’s approach [60]) or ignored due to the high amplification
of the dynamic component (see Coussot’s approach for granular debris flows [20]).
Furthermore, some approaches take both into account because they are based on
maximum pressures recorded, such as the approach according to Hübl/Holzinger [8].

Figure 6.3 provides a comparison of the results of the load approaches for rigid barriers.
Here, it becomes apparent that - starting at a certain range of velocities (u > 10m/s)
- all static approaches yield lower results than the mixed and dynamic approaches. Of
the approaches that depend on velocity (mixed and dynamic), Kherkheulidze’s approach
yields the lowest results. By far the largest loads are obtained using the GBV’s approach, in
which α = 4 is applied. Within the context of guidelines for the protection of objects [60],
this value is probably on the reasonably safe side.
As of yet, Coussot’s approach [20] has not been included in the comparison. He proposes a
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Figure 6.3: Comparison of different debris-flow loads for rigid barriers, based on an average
density of 2100kg/m3 and a flow depth of 2.1m according to [89]. Legend: Maximaldruck =
maximum pressure; mittlere Frontgeschwindigkeit = average front velocity.

factor of 5−15 for the dynamic amplification. The static component is then not taken into
account. Aside from that, the approach is identical (in terms of the variables taken into
account) to that of the GBV. However, it yields higher results than the GBV’s approach,
which takes into account a dynamic amplification of a factor of 4.
Hübl and Holzinger’s approach [53, 49] infers pressure coefficients during impact and
derives them from measured values. A comparison of this latter approach to the values
measured during the laboratory tests in section 5.3 demonstrates that this approach is on
the safe side (see Fig. 6.4).

Very few approaches for debris-flow loads in construction standards exist. The approach
that considers debris-flow loads to be extraordinary design situations for a structure ex-
pressly designed as protection from debris flows does not seem sensible considering the
intended purpose of the structure. The probability of occurrence is too high to select an
extraordinary design situation. The selection of safety factors will be discussed in the
context of a sample calculation in section 8.6.
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Figure 6.4: Comparison of the cD value according to Hübl and Holzinger’s approach to that
of the laboratory tests. In contrast to Figure 5.19, here, Pmax is used for Π1 instead of ∆P .
Legend: Kurve = curve; Messdaten Laborversuche = measured data from laboratory tests.

160 WSL Berichte, Heft 44, 2016



6.2 Approaches for Flexible Barriers

6.2 Approaches for Flexible Barriers

Only a few approaches exist to date for debris-flow load on flexible barriers [82]. If the
problem is considered precisely, it must be solved with an FSI1 calculation [104, 107].
The ring net barrier deforms during the filling process and then forms a new equilibrium
condition for the inflowing fluid with each time step ∆t. This relatively laborious calcu-
lation process is circumvented in the following load approaches and calculation methods
by determining a quasi-static equivalent load.

6.2.1 Comparison between Effects of Rockfall and Debris flow

The definitive difference in the effect of a debris flow on a ring net is that the load formed
by the inflow of the debris flow is effective over a wide area. In addition, the duration
of action and filling time are longer and less dynamic than the duration of contact of a
rockfall with a flexible barrier. These aspects have been confirmed by corresponding drop
experiments, which are described in more detail in the work of Franke [42]. An overview
of the differences between rockfall and debris-flow loads on flexible barriers is provided
in Table 6.2.

Table 6.2: Comparison between rockfall and debris-flow effects on flexible barriers.

Rockfall Debris flow

Effect Concentrated load Distributed load: debris-flow load
Concentrated load: Individual impact of a block

Duration of action 0.2− 0.5 s 1− 90 s

Process Single impact Filling in surges

Deformation 5− 12m 2− 3m

The individual impact of a stone is not taken into account in the load approaches below,
because this has already been researched thoroughly in ring net barriers used as rockfall
barriers. Many studies and applications have shown that an individual impact of a stone
can be arrested within the provided energy class of ring nets [103, 45]. With ring nets for
retaining wood, individual impact experiments with tree trunks have shown that kinetic
energies of up to 2500 J can be retained in the ring net and of up to 700 J can be retained
directly at the support rope [83]. For the approach of an equivalent load for the individual
impact of a stone in the debris flow, the approach of the GBV [60] can be used, based on
the kinetic energy (mass m and flow velocity u of the stone). An individual impact of a
block at the support rope is discussed as part of the design example in section 8.6.6.2.

1Fluid-structure interaction calculation

WSL Berichte, Heft 44, 2016 161



6 Basic Principles for the Design of Debris-flow Nets

6.2.2 Back-calculation of Measured Rope Forces to the Effects

In this section, the mechanical properties of cable ropes are described and the background
of the rope equation and its approximate solution are explained. For different forms of
effective load (uniformly-distributed load, parabolic load and triangular load), their re-
sulting rope loads and deformations are determined and compared with the measured
values (see section 4.5.3).

6.2.2.1 Mechanical Properties of Ropes

For cable ropes, it is assumed that they are ideally flexible and therefore can only absorb
tensile forces. Although there is a slight bending stiffness, this is very small compared
with the axial stiffness and is disregarded [72].
Ropes exhibit the following deformation behavior under load:

• elastic strain, which is reversible after the load is removed,

• plastic strain, which is irreversible after loading,

• rheological strain, which occurs as a result of creep under long-term loading.

The plastic strain after initial loading is of great importance for steel stranded ropes.
This occurs owing to interstices between the individual wires, which become aligned on
initial loading and thus result in plastic strain. The typical stress-strain curve of ropes is
therefore non-linear on initial loading. A linear stress-strain relationship is only produced
after repeated loading. For this region, the rope modulus of elasticity is defined
either as a tangent modulus or as a secant modulus [40]. For the further calculations
in this paper, an E-modulus of 1.28 · 1011 N/m2 is used for the stranded ropes. It does
not matter exactly which load range this has been determined for, owing to the large
elongations as a result of the brake elements in the support ropes, because the elastic
strains are very small in comparison. In addition, the ropes are generally not pre-loaded
before installation.
The assumed rope slack is also an important variable in the installation of the ropes.
Rope slacks ld between l/30 and l/50 of the span l were assumed [39]. Then the difference
of both values on the resulting load was studied. Here it was found that the elongation
of the brakes in the support rope was more decisive for the rope load than the initial slack.

6.2.2.2 Rope Equation

There is a rope under an arbitrary load q(x) with axial stiffness EA. The following
relationships exist between the individual rope lengths in the initial and end stages
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s length of rope in end state
s0 = l + ld length of rope in initial state, l is the span,

ld = l/50..l/30 the slack
∆s elastic change in length of rope
∆st elongation of rope as a result of temperature change

The bearing forces F and H are equal on both sides (see Fig. 6.5). The assumption that
the bending moment M is zero in each part of the rope means that

M −Hy = 0. (6.19)

Frope
F 

l 

Frope

H 

φ 
H 

φ 
q(x) 

x 

y 
ds 

φ 
f 

φ 

S 

H 
ds 

S+ds 

dx 

q(x)ds 

H 

Rope element (section): 

F 

Figure 6.5: Rope under the effect of an arbitrary, uniformly-distributed load and forces and a
detail of a rope element.

At the point of max. slack f,

f =
maxM

H
. (6.20)

The sagitta f is however often unknown before loading. Therefore, the geometric length
of the rope s0 and s before and after loading must be derived as well. If the rope element
ds (Fig. 6.5) is considered, then [72]

ds =
√
dx2 + dy2 = dx

√
1 + y′2. (6.21)

ds, integrated over the entire rope length, produces

s =

∫ l

0

√
1 + y′2dx =

∫ l

0

√
1 +

(
1dM

Hdx

)2

dx. (6.22)
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dM/dx can be replaced by the transverse force Q and results in

s =

∫ l

0

√
1 +

(
Q

H

)2

dx. (6.23)

The elastic deformation of the rope ∆s can then be calculated from

∆s =

∫ s

0

εds =

∫ l

0

H

EA cosφ

√
1 + y′2dx =

H

EA

∫ l

0

(1 + y′2)dx =
H

EA

∫ l

0

(
1 +

Q2

H2

)
dx.

(6.24)
The elongation of the rope as a result of temperature is calculated to be

∆st = αt∆ts0 (6.25)

where αt is the temperature strain value for steel and ∆t is the temperature difference.
Everything inserted into s = s0 +∆s+∆st produces∫ l

0

√
1 +

(
Q

H

)2

dx = s0(1 + αt∆t) +
H

EA

∫ l

0

(
1 +

Q2

H2

)
dx. (6.26)

This equation is the generally valid exact rope equation. It includes any desired loads and
rope slacks of any size.
However, the solution of this equation presents some problems, because it is only possible
using numerical integration. To carry out practical calculations, an approximate solution
must be derived. The brake elongation, which is relevant in the case of ropes for ring net
barriers, is also implemented in the equation.

6.2.2.3 Approximate Solution of the Rope Equation

If equation 6.22 is approached using a Taylor series, then

s =

∫ l

0

(
1 +

1

2
y′2 − 1

8
y′4 +

1

16
y′6...

)
dx. (6.27)

For small rope slacks, a restriction can be made to the first two terms, therefore

s ≈
∫ l

0

(
1 +

1

2
y′2
)

=

∫ l

0

(
1 +

1

2

Q2

H2

)
dx. (6.28)

The elastic change in length can also be approximated to be

∆s ≈ Hs0
EA

. (6.29)

The rope equation overall can then be simplified to

1 +
1

2H2

∫ l

0

Q2dx = s0(1 + αt∆ts0) +
Hs0
EA

. (6.30)
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This equation can be rearranged to

H3 +H2EA

[
1− 1

s0
(l − αt∆ts0)

]
=

EA

2s0

∫ l

0

Q2dx. (6.31)

This equation can be solved iteratively by substituting H. It corresponds to the form
H3 + bH2 − c = 0 and only has a real solution for H [72].
As a first approximate solution for the first iteration, H is calculated for EA → ∞ to
give

H = H1 =

√ ∫ l

0
Q2dx

2(s0(1 + αt∆t)− l)
. (6.32)

The brake elongation is then introduced and the first iteration is carried out again for the
retaining force H. The elastic rope strain ∆s is also included withH1,corr. stot = s0+∆s+lbr
is inserted instead of s0(1+αt∆t); the temperature strain is disregarded in this case. This
yields

H1,corr =

√ ∫ l

0
Q2dx

2(stot − l)
. (6.33)

If H1,corr is known, the next steps are determined using a Newton method. For the second
approximation of H,

H2 =
2H3

1,corr + bH2
1,corr + c

3H2
1,corr + 2bH1,corr

(6.34)

where b = EA
(
1− l−lbr

s0

)
and c = EA

∫ l
0 Q2dx

2s0
. The same procedure applies to the i-th

iteration, 2 − 3 iterations usually being sufficient in practice. Different loads and their
effect in terms of rope force and deformation are studied below. Here it is necessary
to determine the integral

∫ l

0
Q2dx and calculate the max. deformation values from the

moment line (see Table 6.3).

Table 6.3: Effective load q with bearing force,
∫ l
0 Q

2dx and max. deformation f

Load q Bearing force F
∫ l

0
Q2dx max f = maxM

h

q(x) 
1
2
ql 1

12
q2l3 ql2

8H

q(x)
1
4
ql 7

240
q2l3 ql2

12H

q(x) 
1
4
ql q2l3

18.53
5ql2

48H

The sagitta f of the rope deformation is always dependent on the direct span l, because
the max. deformation f is derived from equation 6.19. To include the brake elongation in
the horizontal deformation of the rope, the procedure according to Figure 6.6 is followed:
First, the vertical deflection f1 is determined for the direct span l and the iterated retaining
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force H. The vertical deflection is used to determine the angle φ by means of the bearing
reactions. The component perpendicular to the flow direction of the brakes lbr,⊥ = lbr cosφ
is determined and added to l. The new imaginary span l′ is then used to determine f2.
The component of the brakes in the flow direction (lbr,||) is then added to the deformation
f2.

lbr,||

lbr,┴lbr,┴

l

l'=l+2 lbr,┴

FSeil

lbr,||

FSeil

lbr,┴

lbr

lbr,┴

lbr

f2

l

f1

φ

Figure 6.6: Deformation f of the support rope in the flow direction (view from above) taking
into account the brake elongation lbr with brakes arranged on both sides.

6.2.2.4 Back-calculation with Measurement Data from 2006 Filling Event

The max. effects q (constant, triangular or parabolic) and the deformations f that occur
in the process are determined for the max. occurrent rope loads. The brake elongation is
also relevant for the max. occurrent rope load according to equation 6.33. Table 6.4 shows
the average values of the brake elongations after the 2006 filling event.

Table 6.4: Average brake elongations per support rope following the event on May 18th, 2006.
The individual values of the brakes lbr are already added if there are two brakes in series

Brake elongation [cm]

Support rope top bottom
No.1 47 80
No.2 62 551

Average 55 68

1 Brake elementblocked by stone

The resulting effective loads q for Frope,upper = 150kN and Frope,lower = 230kN (each aver-
age values of both support ropes according to Fig. 4.24) and the respective deformation
amounts re shown in Table 6.5.
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Table 6.5: Effective rope load q and calculated deformation values for equal, triangular or
parabolic load and effective total load for an initial slack of ld = l/50 and the measured brake
elongations according to Table 6.4

Equal, triangular, parabolic load

q [kN/m] on upper support rope 21 38 28.2
q [kN/m] on lower support rope 48 90 63.1

f ′ [m] 1.91 2.25 1.88
φ [◦] 28.2 25.1 24.6
f [m] 2.20 2.48 2.02

Total load Ftot [kN ] 780.6 722.6 689.4

The effective loads for the initial slack ld = l/30 are almost 3% higher than the values
from Table 6.5 for ld = l/50. The total load Ftot is calculated from q [kN/m] distributed
to the respective rope length of the upper and lower support ropes (lupper = 13.4m and
llower = 10.4m).
The deformation calculations show the best results for the triangular distribution of the
load q, because the max. bulge of the barrier was f ≈ 2.5m (see Table 6.5). Nevertheless,
the occurrent loads q are assumed to be evenly distributed in the further calculations,
because this assumption is on the safe side for the effective total load (see Table 6.5).

Several simplifications are made when inferring the effective load q with the approximate
rope equation. Firstly, there is an inaccuracy from the exact rope equation in the ap-
proximate solution for large deformations f . According to [72], for a calculated sagitta
f = 2.5m with a span l = 10.4m the error for the ratio f/l = 0.24 with retaining force H
is 3% and with deformation f is 7%. The error therefore mainly has an effect on the cal-
culated sagitta, whereas the retaining force is reproduced virtually correctly. In addition,
the calculated rope lengths with the implemented brake elongation are also only approx-
imations, because on the one hand the brake elongations cannot be measured exactly at
the time of peak load and on the other hand other variables in the length of the rope such
as slack, elastic strain etc. must be estimated. The calculations are however still useful
for an approximate calculation of the effective load q.
After the analysis of the rope resistance, the resistance of the ring net while the debris
flow flows through is considered in detail below.

6.2.3 Ring Net Flow Resistance

If debris-flow events are very muddy with small grain sizes, most of the material flows
through the ring net barrier before isolated stones become wedged and the ring net fills
up. The hydraulic pressure exerted on the ring net in the process serves as the lower limit
for the load model of the ring net barriers in this section.
To be able to calculate the flow resistance of the whole ring net, an individual ring is
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considered first. An individual ring with 16 windings according to section 3.2.2.5 has an
approximate wire bundle diameter of dring,∅ ≈ 1.7cm. If flow arrives at this ring according
to Figure 6.7 at ufront = 3m/s (front velocity of mudflow event on May 18th, 2006; see
section 4.5.1) and with a density ρ = 1600kg/m3, the Reynolds number of the incoming
flow is

Re =
ufront · dring,∅ · ρ

η
=

3.0 · 0.017 · 1600
5...11

= 7.5...16. (6.35)

ufront

dRingquerschnitt

x

y
dRing

Figure 6.7: Debris-flow flowing into an individual ring at ufront during a muddy event. Legend:
Ringquerschnitt = cross-sectional area of net ring

The viscosity of the debris-flow mud is estimated using the shear velocity for a linear
velocity profile at flow depth h = 1m to give γ̇ = 3m/s

1m
= 3[1/s]. For the shear velocity

γ̇ = 3[1/s], an average viscosity (linearly interpolated) of η ≈ 5Pas was measured for a
suspension with particles d < 2mm and η ≈ 11Pas for a suspension with particles d <
4mm. The solids concentration Cv of the solutions was 0.54 and 0.59 with a water content
of w = 30% (for viscosity determinations, see section 5.2.3.4). The solids concentration
is rather high for a mudflow, but this is only the viscosity of the debris-flow matrix with
particles less than 2 and 4mm. Much larger particles are present in the mudflow itself.
As an order of magnitude, the viscosity measurements are sufficient for classifying the
Reynolds number range. For the determined Reynolds number range from 7.5...16, a pair
of vortices forms immediately after the flow passes around a cylinder (Karman vortex
street). At a Reynolds number Re = 4, it would still be a creeping flow without vortex
formation [55]. Pressure coefficients of cw = 3.5 − 4 result (see Fig. 6.8). The resulting
flow force on the ring cross section is calculated from

FD =
1

2
cwρu

2dring,∅. (6.36)

The force of the flow around the whole ring is then

Fring = UringFD = πdringFD (6.37)

where Uring is the circumference of an individual ring.
If the overlapping rings, where the rings interconnect in the ring net, are disregarded
below, and the pressure load of a ring around which flow passes is multiplied by the
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Re=7.5 Re=16

Cw= 3.5 - 4

Figure 6.8: Drag coefficients cw as a function of the Reynolds number Re for two-dimensional
body shapes [55]. Legend: Kreiszylinder = cylinder; Querplatte = plate; Eckiger Balken; rect-
angular truss; Stromlinienförmige Strebe = streamlined truss; oder = or.

number of rings through which the debris-flow stream passes, the load of the ring net
while a mudflow event flows through can be calculated. Many small stones pass through
the ring net with the debris-flow matrix before the debris flow wedges in the ring net and
slowly fills it up. Up to this point, the load consisting of the hydraulic pressure of the
debris flow acts as the lower limit for the effective load of a mudflow.

6.2.4 Energy-based Approach According to Rickenmann

Rickenmann’s approach is based on the principle of the conservation of energy [82]. During
the stopping process, all the kinetic energy K = 1

2
mu2 of the impacting debris flow with

the effective massmmust be dissipated according to equation 2.24. In addition, the finding
from the flume experiments in Oregon that the load of the barriers increases linearly with
the deformation of the barriers and that the max. load Fmax is present at the time of max.
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deformation, is also addressed [23, 35]. The linear increase of the force F , plotted over
the deformation f , produces the energy/work from the area under the curve F(t) to give

W =

∫ f

0

F (t)df =
Ff

2
(6.38)

where f is the deformation of the barrier in the flow direction.
If the two equations W = K are equated as occurrent energies and solved according to
the force F , this yields

F =
mu2

f
(6.39)

where u is the impact velocity of the debris flow and m is the effective mass of the stopped
debris flow. The size of the stopped mass of the debris flow behind the net is the unknown
quantity in this approach. It is approximated in this case as the volume behind the barrier
and thereby estimated from the average discharge Q with the density ρ during the impact
period timp to give m = Q · timp ·ρ. Inserting the effective mass m into equation 6.39 yields

F =
ρQtimpu

2

f
. (6.40)

The occurrent total load according to this approach is therefore also dependent on the
impact velocity u2. Difficult-to-estimate variables such as the filling time or impact time
timp or the effective mass m are also included.
It is not practical to use this approach to design barriers for muddy debris flows, which
have a long filling time timp and during which a large proportion of the debris flow flows
through the ring net as it fills up. The effective loads are overestimated (see section 6.4.2).

6.2.5 Earth Pressure Approach

There are also approaches for debris-flow loads based on an amplification of the static load
(see section 6.1.2 and [66]). Building on this, this section investigates whether the ring
net barriers can be calculated by a dynamic amplification of the static loading condition.
If the active earth pressure is calculated for a specific weight γ = 23kN , a fill level hfill =
3m (see section 4.5.3) and a width b as an average value between the two rope lengths
bm = 10.4 + 13.4 = 11.9m, this gives the following calculation according to equation 5.23
assuming a linear earth pressure: Fstat =

1
2
Ka,hγh

2
fillb =

1
2
0.3 · 23 · 32 · 11.9 = 370kN with

Ka,h = 0.3 (φ = 33◦).
If the effective load q is determined by back-calculation of the occurrent rope forces when
the barrier is filled, this yields a total load of ≈ 300kN (see Table 6.6). In this case, each
of the upper support ropes are loaded with 100kN and one of the two lower support ropes
is loaded with 150kN . The other one is broken during the filling event; the load cell still
measures 50kN by means of the clamped rope end.
Assuming a tensile force of 15kN in the DIMO elements from the FARO simulation of the
barrier (see section 7.1), a component in the flow direction of 15 · 8 DIMOs · sin(28◦) =
56kN is added. This yields a total load of the barrier in the filled state of 356kN .

The calculations for the active earth pressure therefore correspond well to the back-
calculation of the measured values from the rope loads.
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Table 6.6: Effective load q from a simplified rope equation according to section 6.2.2.

Effective load

Upper support ropes 14 kN/m
Lower support ropes 11 kN/m (one broken support rope)
Total load Ftot 302kN

6.2.5.1 Development of the Earth Pressure Approach

Here, the calculation of the dynamic load from the static load is investigated, based on the
approach according to Lichtenhahn [66]. According to [46], laboratory tests indicated a
dependence of the quotient Fmax/Fstat on the squared velocity u, since influencing factors
such as different densities and masses cancel each other out in the quotient. A steeper
regression curve was found for the material from the Trachtbach than for all the other
materials. The following functional dependency is produced

ln

(
Fmax

Fstat

)
= βu2 (6.41)

where β = 0.144 for Trachtbach material and β = 0.070 for Illgraben, Alpbach and Mer-
denson with R2 = 0.9. The Trachtbach material also had a higher pressure coefficient cd
in the laboratory tests, which explains the steeper curve in Figure 6.9 (see section 5.3.5.1).

6.2.5.2 Back-calculation of 2006 Illgraben Filling Event Measurement Data

If one takes the active earth pressure as a given as the static load and defines for the
front velocity of ufront = 3m/s (see section 4.5.1) the ratio Fmax/Fstat according to equa-
tion 6.41, this yields an amplification of the static load of Fmax/Fstat = 1.88. The load
from the active earth pressure Eah is Fstat ≈ 370kN , and with the calculated factor am-
plified, this yields Fdyn = 1.88 · 370 = 690kN . This value lies in the lower range of the
calculated total load on the barrier according to Table 6.5 at 690−780kN (without taking
into account the installed dimo elements).
Back-calculations and simulations with FARO (see section 7.1) have shown that the load
distribution must also be modified for dynamic amplification (see Fig. 6.10). If the dis-
tribution of the active earth pressure is amplified with the dynamic factor (assuming it
is distributed linearly) and these loads are used to calculate the rope forces, this yields
an excessively large load in the lower support ropes and an excessively small load in the
upper ones.
With a linear earth pressure distribution, the vertical load and the surge component of
the overflowing debris flow are also missing. As a result, the initially assumed distribution
is shifted from Pdyn to Pdyn,corr. (see also Fig. 6.20). At the same time, the load in the
lower region must be reduced. This is done by taking into account the supporting force
of the backwater on the barrier caused by the overflow of the debris flow (see Fig. 6.11).
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Pdyn 
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Figure 6.10: Amplification of the active earth pressure to the dynamic debris-flow pressure
and modification of the dynamic debris-flow pressure (dashed line).

6.2.6 Evaluation of Load Approaches for Flexible Barriers

The comparison between rockfall and debris-flow load shows that the debris flow is ef-
fective over an area rather than at points like the rockfall and is at the same time less
dynamic. Section ”Back-calculation of Rope Forces” (see section 6.2.2) serves to deter-
mine the effective load q from the measured rope forces, but should not be understood as
a load approach for the calculation of barriers and should not be used as such.
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υa = 45+φ/2 = 67°

B
arrier 

20kN/m2 

1.3kN/m2 

7.3kN/m2 

47.3kN/m2 
Sdebris flow=ρ*g*hfl=17.3kN/m2

Figure 6.11: Modified earth pressure approach for vertical load of the overflowing debris flow
and counteracting supporting force.

The approaches discussed for calculating flexible barriers have the following advantages
and disadvantages.

• Rickenmann’s approach: It is based on the physical principle of conservation of
energy. This procedure is useful for calculating the occurrent debris-flow loads during
the stopping process. In addition, the squared velocity is included in this approach
owing to the dissipation of the kinetic energy. This also confirms the results of the
laboratory tests (see section 5.5.3).
A disadvantage of this calculation method is the unknown quantities of the effective,
stopped mass m and the fact that this is determined using the average discharge Q
and the unknown quantity timp. The impact or interaction time timp has so far been
difficult to determine and varies within an order of magnitude of 1− 90 s. Also, it
is difficult to define how long this period should be: whether it is only the initial
contact and thus the stopping process of the first debris-flow wave or the entire
filling time until the barrier overflows. However, since the maximum load usually
occurs at the time of overflow (except in the case of very fast debris flows), the entire
filling time is probability more useful for timp for determining the effective mass.
For rather muddy and more liquid debris flows, the effective load is overestimated
owing to long timp times and also owing to the assumption that the entire discharge
Q fills the barrier (although a lot of water including small particles flows through
the barrier) (see section 6.4.2).

• Ring net resistance calculation: This approach is used to calculate the lower
limit of the effective load. It does not reproduce the filling process of the ring net,
but only the effective loads caused by the hydraulic pressure of a very liquid debris
flow.
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• Earth pressure approach and amplification by Fmax/Fstat: The earth pressure
approach is used for calculation of the static load of a ring net barrier. It demon-
strates here that the filled ring net barrier can be calculated by means of a linearly
distributed earth pressure.
The limits of this approach lie in the fine distribution of the effective load. In this
case it is shown that the upper support ropes are also directly loaded during over-
flow. Also, the lower support ropes are highly loaded when the linearly effective
earth pressure is amplified. In this case the load can only be reduced with a sup-
porting force approach on the opposite side of the barrier.
Owing to the highly material-dependent, unknown friction angle φ, the static load
Fstat is difficult to estimate. If this is increased further by an amplification factor,
errors in the calculation have a great effect on the result. The definition of the
amplification factor from the squared impact velocity also quickly results in under-
or overestimation of the load if the velocity inputs are incorrect. Also, force rear-
rangements must be defined, which require a lot of engineering experience in the
estimation of the effective vertical load and the supporting force of the overflowing
debris flow.

Overall, all approaches have their justification and their area of effectiveness. Nevertheless,
a model will be presented in the next section of this paper that can minimize or solve
some of the previous problems and therefore should be used as a new calculation model
for flexible debris-flow barriers.
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6.3 Load Model with Pressure Surges

The following observations, made in the laboratory (see chapter 5) and in the field tests
(see chapter 4), confirm Armanini’s assumptions (see section 6.1.4):

• The dynamically-measured maximum force is proportional to the impact velocity
u2 (statements a) and b) in section 6.1.4).

• In very slowly-flowing debris flows, for example in the laboratory debris flows (at
an inclination of 25%), a reverse-flow wave was observed (assumption b) in sec-
tion 6.1.4).

• With liquid and thus faster debris flows, an upward deflection of the debris-flow
stream was observed at the barrier (assumption case a) in section 6.1.4). In addition,
the friction coefficient µ for more liquid debris flows are lower (see chapter 5).

• Greater launch volumes lead to more rapid debris flows, during which frictional
forces play a less significant role. In these cases, an upward deflection of the debris
flow occurred upon impact onto the barrier as well.

• At the shear wall in the Illgraben, a hydrostatic pressure distribution in debris flows
could be measured and confirmed (see section 4.4). In this case, the dynamic load
applied by the momentum of the flow can be neglected, since the measurement
instrumentation at the shear wall is located perpendicularly to the direction of
flow. Therefore, the velocity component u⊥ perpendicular to flow direction equals
approximately zero.

6.3.1 Pressure Surges on Ring Net Barriers

First, it is assumed that a debris flow of flow depth hfl strikes against the lower support
ropes, causing the first part of the front to stop (see Fig. 6.12, a). As a result, the hydro-
static debris-flow load Pstr and the momentum ∆P are acting on the lower support rope.
The impacting load per meter width can be calculated as

F =
1

2
γ(hfl +4h)2︸ ︷︷ ︸

hydrostatic component

+

ρhflu
2 for muddy fronts

ρhflu(u+
√

ghfl) for granular fronts︸ ︷︷ ︸
hydrodynamic component

(6.42)

γ = ρg is the specific weight of a debris flow with the density ρ.
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Figure 6.12: Filling stage 1: Debris-flow load during impact on the lower support rope; filling
stage 2: Debris-flow load following stopping of the first part; filling stage 3: Predicted subse-
quent filling process and reduction of the hydrostatic debris-flow load due to drained debris
cone (dotted line). Two conceivable ways the dynamic debris-flow load can be distributed are
indicated.

With respect to the subsequent filling process, two different filling scenarios are conceiv-
able:
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• Variant 1 According to the model, once the first part of the debris flow has been
stopped, the subsequent part pushes over the first (see Fig. 6.12). The stopped
part underneath is slowly drained by the ring net. At filling stage 2, the hydrostatic
debris-flow load acts across ≈ 2hfl and the dynamic pressure 4P across the flow
depth hfl. At filling stage 3, the subsequent part again pushes over the previously
stopped material, and acts with 4P across the flow depth hfl. Simultaneously, the
hydrostatic pressure spreads across 3hfl.

• Variant 2 In this scenario, the subsequent part is pushed into the previously stopped
material, thereby increasing the fill level. As a result, the momentum4P ˙hfl/hfill =
4P/2 is attenuated (due to the presence of the previously stopped material). The
momentum is distributed across the entire fill level (≈ 2hfl at filling stage 2). At
filling stage 3, the dynamic component 4P/3 is distributed across the fill level 3hfl.

If the barrier is filled and subsequently overtoppe, the following conversion processes act
on the stopped debris-flow material:

• Initially, there is water everywhere between the grains and the stones. In cohesive
soils with low permeability (low kf value), the occurrent stress σ is dissipated by
the pore-water pressure pp. The debris-flow material does not exhibit resistance due
to friction because the grains do not touch each other.

• The pressure increase caused by the overflowing debris flow displaces more and more
water from the interstices and pore spaces. The pore-water pressure pp(t) decreases
over time, since more and more water flows towards the front and through the
barrier. This process is also referred to as consolidation (see Figs. 6.13 and 6.14) [47].

Figure 6.13: Consolidation process as conceptualized in a model: Initially, the load is supported
by the pore water. Following consolidation, the granular structure bears the load.

• The more pore water is extruded, the greater the effective stresses σ′(t) = σ− pp(t)
acting on the granular structure. The friction angle φ increases as consolidation
increases and approaches the effective angle of internal friction φ′ (see Fig. 6.15). The
debris-flow material behind the barrier has then achieved the optimal compression
and water content (see determination of the friction angle in section 5.2.3.5).

• Since the barrier can deform towards the front (in flow direction), the hydrostatic
pressure transforms into the active earth-pressure state with the friction angle φ′.
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Figure 6.14: Consolidation process with development of pore-water pressure pp and the effec-
tive stress σ′ over time t.
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Figure 6.15: Effects of pore-water pressure on the angle of internal friction φ′. At first, the
initial shear strength cu exhibits almost no internal friction (low φu or φu = 0). The initial
shear strength cu, due to the apparent cohesion of the Van der Waals forces of the water
molecules, is greater than the effective cohesion c′, due to the attraction of the capillary
forces [47].

For the time period between these two load cases,

1

2
Ka,hγh

2
fill < Fstr <

1

2
γh2

fill (6.43)

applies, with Ka,h as the active earth-pressure factor (see section 5.3.5.2). How
quickly the drained debris-flow cone approaches the active earth-pressure state
depends primarily on the composition of the debris-flow material. If the debris-flow
material has a very high fine fraction (grain sizes of d < 0.06mm constitute more
than 20%), it usually has a low kf value, and accordingly, the consolidation process
takes longer. If the material is more gravelly and contains larger blocks, drainage
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takes significantly less time, and the active earth pressure is reached sooner.
The transitional stage is depicted as a dotted line in Figure 6.12, filling stage 3 (see
also section 6.3.5).

The load distribution across the support ropes is a structural problem concerning the
involved ring-net areas. In this case, the different pressure distributions in variants 1
and 2, which are examined in section 6.3.3, need to be taken into account.

6.3.2 Load comparison: granular front - muddy front

The following section will compare data from a muddy debris-flow event with those from a
granular event with respect to the previously-discussed pressure distributions. The impact
velocities are estimated at ufront = 3m/s and 5m/s at flow depths of 1m. For muddy debris
flows, the density is set to ρ = 1600kg/m3 and for granular debris flows to 2000kg/m3.
This yields the following loads impacting onto the barriers, as in Table 6.7.

Table 6.7: Load comparison between granular debris flows and mudflows based on the approach
according to [3]

Muddy debris flow Granular debris flow
ufront[m/s] Fstr[kN/m] Fdyn[kN/m] Fstr[kN/m] Fdyn[kN/m]

Filling stage 1 3 8 14.4 10 24.7
Filling stage 2 3 32 14.4 40 24.7
Filling stage 3 3 72 14.4 90 24.7

Filling stage 1 5 8 40 10 50
Filling stage 2 5 32 40 40 50
Filling stage 3 5 72 40 90 50

For the calculation of the impacting forces in Table 6.7, 4P was set to 4P = ρu2 for
muddy debris flows, and to 4P = ρu(u +

√
ghfl) for granular events, corresponding to

the developing reverse-flow wave. For muddy events with very low densities and high flow
velocities, Armanini et al. [2] set the dynamic pressure component to 4P ≈ 0.7ρu2. For
granular debris flows, which flow more slowly because frictional forces predominate, the
dynamic amplification 4P = 2ρu2 was selected. As a result, the difference between the
forces acting during muddy and granular debris flows increases (see Fig. 6.16).

As shown in Figure 6.16, the forces acting during granular debris flows are approximately
70% greater than those acting during muddy debris flows, according to the approach by
Armanini. If Armanini’s prefactors are not taken into consideration, the forces acting
during granular debris flows are approximately 50% greater.
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Figure 6.16: Force distribution at 3m/s: comparison of muddy and granular events, each with
and without prefactors of 0.7 and 2.0 as in Armanini (left), and force distribution at 5m/s:
comparison of muddy and granular events with variations of the prefactors (right). Legend:
schlammig = muddy; Wirksame Murdruckkraft = effective pressure force exerted by debris
flow; Position = filling stage.

6.3.3 Application to the Values Measured in the Illgraben

The first wave in May 2006, which led to chocking and, therefore, initiated the filling
process of the barrier, had a flow depth of approximately 1m. With a basal opening of hd,
half a meter of the wave acted on the barrier (see Fig. 6.17). The reduction of the dynamic
pressure for muddy debris flows with 4P ≈ 0.7ρu2 as in [2] was used. The barrier height
between the different fill levels was reduced from hb = 4m to h′

b = 3m. The impacting
forces are summarized in Table 6.8. They are estimated to be distributed approximately
equally across the barrier width.
If the barrier is completely filled, the overflowing debris flow - in addition to the backfilled
debris-flow cone - acts as a continuous distributed load (in flow direction) due to the
vertical load σ, and as a distributed load due to its shear stress τ . The parameters σ and
τ are measured at the time of overflowing using the debris-flow balance (see balance data
in section 4.5.1).

Table 6.8: Debris-flow loads during a mudflow based on [3] for individual filling stages as in
Figures 6.12 and 6.17

Filling stage Fhyd[kN/m] Fdyn[kN/m] Ftot[kN/m]

1 4 5 9
2 18 10.8 28.8
3 50 10.8 60.8 1

completely filled 72 10.8 82.8 1

overflowing 72+64 σ = 20, τ = 1.3 136 1

1 Already acts on the upper and lower support ropes
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Figure 6.17: Force distribution at the beginning of the filling process (left) and at the beginning
of the overflow stage (right).

6.3.4 Reverse Calculation Based on Rope Forces

According to section 6.2.2, the impacting load q can be calculated based on the measured
rope forces. The rope forces measured over time for the fill event are shown in Figure 6.18.
The upper and lower support ropes are each averaged. The load component, which is
taken up by the DIMO elements and the winglet rope, will not be considered in the
reverse calculation.

Also of relevance for the rope equation are brake elongations, since they reduce the re-
spective maximum load in the rope (see section 6.2.2.4 and Table 6.4).
Corresponding to Figures 6.12 and 6.17, filling stages 1-3 and the overflow stage will be
quantitatively examined in more detail below. The procedure for variant 1 will be de-
scribed in detail, whereas the results of variant 2 will only be presented qualitatively in
section 6.3.5.

6.3.4.1 Filling stage 1

The impacting load from Table 6.8 exerts its full effect on the lower support ropes. The
debris-flow mass located in the basal opening, below the barrier at the time of chocking,
dissipates its load primarily into the channel floor through frictional forces. As a result,
9kN/m act on the lower support ropes. A rope length of 10.4m and an assumed partial
brake elongation of 0.1m yields a load of approximately 80kN on each lower support
rope. The brake elongation of 0.1m was selected based on the load-deformation curve
of brake GN 9017 in section 3.2.2.3. However, if the brake elongation is not taken into
account in this condition, the resulting load amounts to 100kN per support rope. This
value corresponds to the average load level in Figure 6.18 at the time of initial chocking
(18:45:50) at a fill level of 1m.
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Figure 6.18: Average forces of the upper and lower support ropes during the filling process
in May 2006. Legend: Mittelwert obere Tragseile = average upper support ropes; Mittelwert
untere Tragseile = average lower support ropes; Mittlere Seillasten = average rope forces;
Fliesshöhe / Füllstandshöhe = flow depth / filling height; Überströmen = overflow; Zustand
= filling stage; Auffüllen = filling; Zeit Video = video time stamp.

6.3.4.2 Filling stage 2

At filling stage 2, an assumed uniformly-distributed load of 28.8kN/m acts on the lower
support ropes, according to Table 6.8. When the barrier is filled up to 1.5m = h′

b/2, the
load from the collection areas of the ring net is not yet acting on the upper support ropes.
However, the values displayed in Figure 6.18 still indicate a load increase to approximately
75kN in the upper support ropes. This increase can be attributed to a slight bulging of the
lower area of the ring net, whereby the barrier height is reduced and a continuous vertical
force from the ring net acts on the upper support ropes (see Fig. 6.12, filling stage 2).
Iteration of the rope equation assuming a brake elongation of lbr = 0.6m (as shown in
Fig. 3.7, section 3.2.2.3) yields an impacting load of 144kN for the lower support ropes.
The elongation of the brakes at this load level and time point is also evident in Figure 6.8.
At filling stage 2, the load curve for the lower support ropes indicates a striking decrease
in the load level. The calculated load level for the lower support ropes corresponds well
to the measured load level of approximately 150kN in Figure 6.18.
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6.3.4.3 Filling stage 3

In this filling stage, the upper support ropes play an important part as well. Based on the
impacting distributed loads, the total load divides into 18.8kN/m acting on the upper
support ropes, and 42kN/m acting on the lower support ropes. The elongation of the
brakes in the lower support ropes is still assumed to be lbr = 0.6m, since no further brake
elongation is apparent in Figure 6.18. The brakes of the upper support ropes extend by
their measured maximum value of lbr = 0.55m. The reverse calculation yields a load of
200kN for the lower support ropes, and a load of 135kN for the upper support ropes.
The measured forces of the lower support ropes amounted to approximately 200kN , and
those of the upper support ropes to approximately 130kN (see Fig. 6.18).

6.3.4.4 Completely Filled

The last impinging debris-flow surge fills the barrier up to the lower edge, and the over-
flowing process begins. 28.8kN/m act on the upper support ropes and 54kN/m on the
lower support ropes. At lbr = 0.55m, this yields a rope load of 200kN on the upper sup-
port ropes, and of 260kN on the lower support ropes. These values are higher than the
values measured for this fill level, 150kN for the upper and 200kN for the lower support
ropes. In addition, the bulge of the barrier is now almost fully developed and, as a result,
the barrier has deformed towards the front and downwards, due to the dead load of the
debris-flow material. The load is now also acting on both the winglet rope and the DIMO
elements. According to the simulation of the 2006 barrier in FARO (see section 7.1),
30kN are acting on each DIMO element. The rope deformation (see section 6.2.2) allows
for the determination of the rope angle φrope based on the holding force in the rope H
and the iterated rope force Frope, which yields an angle of φrope = 27.7◦ (see Fig. 6.5). It
is assumed that the angle of the DIMO elements, between the horizontal line of the bar-
rier and the tangent in the plane of the DIMO elements, is approximately identical when
the bulge is filled. For the 8 DIMO elements, this results in a total force component of
FD,fl = 30 · sin(27.7◦) · 8 = 108.9kN in flow direction. Dividing the reducing load compo-
nent of the DIMO elements equally between the upper and lower rope forces yields a reduc-
tion of 55kN/13.4m = 4.1kN/m for the upper, and 55kN/10.4m = 5.3kN/m for the lower
support ropes. The DIMO elements reduce the rope load to q = 28.8kN/m− 4.1kN/m =
24.7kN/m and q = 54kN/m − 5.3kN/m = 48.7kN/m, which results in a load of 170kN
on the upper support ropes, and 240kN on each lower support rope.
Due to its deformed configuration, which is similar to a vertical catenary, the winglet rope
does not significantly dissipate load in flow direction. The winglet rope is primarily acted
upon by the dead load of the barrier.
The determined loads are 20− 30% greater than the measured loads.

6.3.4.5 Overflowing

During overflowing, the barrier is completely filled, and the debris flow flows across the
barrier with the flow depth hfl (see Fig. 6.17, right). The vertical load σ and the shear
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Figure 6.19: Loading direction on the DIMO elements in filled stage.

stress τ act on the retained debris-flow volume. According to Figure 6.17, this results in
an impacting load of 86kN/m on the lower and 50kN/m on the upper support ropes.
These loads, minus the DIMO elements, yield rope loads of 300kN in the upper and
360kN in the lower support ropes. These rope loads are clearly too high for the overflow
loading condition. A short, significant load peak in the support ropes of 150kN and
230kN occurs during the first overflowing wave; however, it only lasts for a duration of
10s. Nevertheless, the load determined with the load approach is 50 − 60% too high.
Following the short maximum load, the rope loads decrease to 140kN during overflowing.
The partially-progressed consolidation of the material appears to play a role, and the
transition to active earth pressure seems to come slowly into effect.

6.3.5 Evaluation of the Pressure-Surge Approach

As shown in Table 6.9, variant 2 underestimates the forces acting on the upper support
ropes. In contrast, variant 1 represents both the upper and the lower support ropes
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Figure 6.20: Forces active during overflow with application of the active earth pressure for
φ = 26◦.

Table 6.9: Comparison of loads measured during the May 18, 2006 mudflow, with loads deter-
mined for the respective fill levels for variant 1 and variant 2 using the design approach

Forces in the Support Ropes[kN ] Measured Var. 1 Var. 2

Filling stage 1
Top 0 0 0
Bottom 100 90 90

Filling stage 2
Top 75 0 0
Bottom 125-150 144 125

Filling stage 3
Top 130 135 81
Bottom 200 200 220

Completely filled
Top 150 170 130
Bottom 230 240 250

correctly. The conceptual model of a debris-flow front that pushes itself across the
previously stopped material appears to correspond more to reality than the idea that the
debris-flow front pushes into the previously stopped cone, thus raising the fill level. The
confirmation of variant 1 also indicates that the underlying material is already completely
stopped, and therefore no longer contributes to the subsequent front’s exchange of
momentum. It is consolidated and slightly compressed by the subsequent front pushing
itself across the material. However, the consolidation is not taken into account in the
model of the front pushing across the stopped material, since the subsidence of the
underlying material lies within the scope of the accuracy measurements and prognoses of
the occurrent flow depths.
Starting with filling stage 3, variant 1 begins to generally overestimate the occurrent
loads, which can be attributed to the progressing consolidation of the debris-flow
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material. During the slow filling process of the mudflow-like debris flow (duration of more
than 90s) in May 2006, water drained from the material due to the dead load of - and the
subsequent debris-flow mass pushing across - the stopped material (see Fig. 6.12, filling
stage 3). As a result, there was an increase in both the effective density of the material
behind the barrier and the angle of internal friction of the material (due to the filling of
cavities with solid particles), causing it to approach the active earth-pressure state (see
section 6.3.1).
The angle of internal friction φ of the material from the Illgraben, with 90% of the grains
smaller than d90 = 3cm and an ideal initial water content of w = 6%, was determined
to be φ = 43◦ under ideal laboratory conditions (for further information regarding the
angle of internal friction, see section 5.2.3.5). Based on [69], the basal friction angle of a
watery debris flow in the Illgraben is φbas = 26◦.
The initial density of the mudflow was 1600kg/m3 (see Table 4.1 in section 4). This
corresponds to a water content of w = 60%. Initially, the largest difference exists between
the hydrous, porous medium, and the atmosphere. As a result, a large amount of water
drains off at the beginning. This effect is potentiated by the vertical load σ of the
overflowing debris flow, which thereby drains the retained material. Over time, water
drainage decreases exponentially (see section 5.3.6). Depending on the time point, the
density behind the barrier is assumed to vary between ρ = 1600 − 2300kg/m3 (water
content w = 60−20%). The average value of the density range at the time of overflowing,
i.e. ρ = 1950kg/m3 at a water content of w = 42%, and the basal friction angle φbas = 26◦

as the friction angle, result in a factor of ka,h = 0.39 for the active earth pressure,
according to equation 5.24. The resultant impacting loads are shown in Figure 6.20.
The shear load was set linearly to half the fill level, since it no longer exerts an effect
further below. This results in rope loads of 160kN for the lower, and 130kN for the
upper support ropes. This roughly corresponds to the load level for the overflow loading
condition, as in Figure 6.8.
For a short period of time - lasting 20s - at the beginning of the overflow stage, a higher
load level of approximately 230kN and 150kN was measured in the lower and upper
support ropes, respectively (see Fig. 6.8). This is the transitional stage, from the still
fully-effective hydrostatic pressure of the debris-flow mass behind the barrier to the
active earth-pressure stage (see equation 6.43).
Overflow loading conditions for debris-flow barriers that have already been filled long ago
will not be discussed in further detail in the context of this work. This case was discussed
in section 4.5, based on two recorded events from August 2, 2005 and June 27, 2006. In
this case, an active earth pressure with an additional vertical load σ and shear stress
τ results in increased loads on the support ropes. However, the corresponding evidence
will not be provided within the scope of this work. It functions similarly to the load
assumed for the overflow loading condition, except that the material can be considered
to be completely consolidated. Only the winglet rope, previously considered to be more
structural in nature, experienced a strikingly increased load of 100kN during the June
27, 2006 event. This increase will become relevant for its dimensioning (see section 8.6).
Based on the load model of variant 1, a conservative calculation can be performed. If the
overflow loading condition is calculated based on the load in variant 1 (see Fig. 6.17),
an increase of 50 − 60% in the rope forces is a conservative estimate. In this case,
a reduction of Fstr can already be considered, since the transitional stage has been
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completed. However, the determination of the consolidation time point and the associated
transition to active earth pressure requires a solid background in soil mechanics. To
this end, material parameters such as grain-size distribution, cohesion, density, and the
angle of internal friction play an important role. In addition to these parameters, there
are also debris-flow characteristics, such as water content, density, viscosity, and the
drainage behavior of the mixture. In short, many material- and process-specific variables
influence the conversion process behind the barrier. In practice, however, engineers and
planners are frequently unable to precisely characterize these variables when planning
and designing debris-flow protection concepts.

6.4 Discussion

6.4.1 Methods to Compare Barriers of Varying Stiffness

The approach described in the pressure-surge model does not explicitly take the flexibility
of the barrier into account. This section, therefore, will outline the effects of barrier
stiffness during impact, in order to subsequently determine if approaches for rigid barriers
also apply to flexible structures and vice versa.
The ring net barrier’s deformation behavior during the filling process, as evident in the
video recordings, suggest the following stiffness progression in the 2006 barrier system
(see Fig. 6.21, bottom). Initially, and up to a deformation of about 1.2m in flow direction,
stiffness does not play a significant role during the filling process, since the entire structure
behaves flexibly. Assuming a rope load of q = 9kN/m (see section 6.3.3, Table 6.8) during
the first impacting wave of the 2006 filling event, the sagitta of the rope amounts to
f ≈ 1.5m (see section 6.2.2.4). A rope load of approximately 100kN then triggers the
brakes. The stiffness increases linearly. Once the majority of the flexible features have
subsequently been exhausted, i.e. when most brake elements have been applied and the
rings have plastically deformed, the entire structure gets progressively stiffer (see [42])
until it reaches a specific value and begins to approach a constant stiffness (see Fig. 6.21,
bottom).

In order to compare different barrier systems to each other, a different approach is re-
quired, which explicitly takes the deformation of the structure into account. Unlike in
FSI calculations2, deformation will not be calculated and factored in for each time step,
but instead will be used for the time point of initial impact of the debris-flow wave (see
Fig. 6.12, filling stage 1). To this end, energy-conservation principles are applied to an
equivalent mechanical model, in which the deformation of the structure is represented by
the displacement of a spring, and the stiffness of the structure functions as the equivalent
spring constant (see Fig. 6.21, top).
The initial impact of the debris-flow wave is simplified by assuming that the entire ki-
netic energy is converted into the potential energy of the spring, i.e. dissipated via the
deformation of the barrier, and by neglecting other possible occurring losses, such as, for

2Fluid-structure interaction calculation
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Figure 6.21: Strongly simplified spring model representing the flexible ring net barrier (top),
and stiffness of the model compared to the estimated actual stiffness of the ring net barrier
(bottom).

example, friction energy. As a result,
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front =
1

2
knf

2 = Epot (6.44)

with K being the kinetic energy of the debris flow according to equation 2.24, m being
the stopped mass following initial impact, ufront being the front velocity, kn being the
equivalent stiffness of the field barrier, and f being the deformation of the barrier during
initial impact. However, it is difficult to estimate the contributing mass during impact.
To this end, it is assumed that the length of the impact l = hfl/tan(φ) can be calculated
by way of the friction angle’s area of effect. The friction angle is assumed to be the basal
friction angle of the debris flow φbas = 26◦. Based on this, the contributing debris-flow mass
can be estimated. If the mass m is known, the equivalent stiffness kn can be determined
for different deformations using equation 6.44. Based on the principles of Hooke’s law, the
impacting load

Fmax = knf (6.45)

can be thus inferred. This law shows a linear increase in force relative to displacement,
a result that was also observed partially in the slide experiments in Oregon [23, 35].
Nonetheless, this principle is greatly simplified, since the force acting on the net increases
slowly at the beginning of the filling process, and significantly faster shortly before the
actual stopping process of the debris flow. The constant value for kn also represents a sim-
plification, since the stiffness of the ring net barrier does not remain constant throughout
the entire filling process (see Fig. 6.21, bottom).
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Calculating the equivalent stiffness according to the Timoshenko beam theory (uniformly-
distributed load q on a single-span beam), as an additional reference value, yields [48]

kn =
76.8EI

l3
(6.46)

with EI being the flexural stiffness and l being the span width of the single-span beam.
In order to compare the results of the conservation of energy according to equation 6.44
for a rigid system, the stiffness according to the Timoshenko theory (equation 6.46) was
determined for an HEB 180 steel profile and a wood cross section, 0.3m in height and
0.3m thick, each with a span width of 10.4m (span width of the lower support rope). The
same procedure was also performed for the ring net barrier. Based on the deformation of
the lower support rope of approximately 1.5m at an impacting load of q = 9kN/m during
filling stage 1, an equivalent flexural stiffness EIbarrier and, consequently, the equivalent
stiffness kn can be determined. Figure 6.22 shows these results alongside the results of the
energy equation. These results suggest that stiffness based on the conservation of energy
does not apply to very small deformations, since the stiffness kn rapidly approaches infinity
due to the exponential slope of the curve. Furthermore, the stiffness based on the model
of the Timoshenko beam is lower than the stiffness calculated based on the conservation
of energy. The energy equation yields a barrier stiffness of kn ≈ 133kN/m (deformation of
f = 1.5m), assuming a contributing mass m ≈ 33t and a front velocity of ufront = 3m/s
(see filling event on May 18, section 4.5.1). The equivalent stiffness of the Timoshenko
model yields a barrier stiffness of kn ≈ 63kN/m for a deformation of 1.5m and, therefore,
is lower than that of the conservation-of-energy equation, albeit in the same order of
magnitude by a factor of 2.

Kn of barrier with Timoshenko beam theory 

Kn wooden board b=30cm, l=10.4m 

Kn HEB 180 steel profile, l=10.4m 

Figure 6.22: Barrier stiffness kn as a function of displacement f , based on the conservation of
energy in the equivalent spring system. The stiffness of a steel and a wood cross section, as
well as the stiffness of the ring net barrier, calculated as a Timoshenko beam, are also shown.

Using the respective stiffness, the occurrent load can be calculated based on Hooke’s law
for the displacement of a spring Fmax = f · kn. The results for different deformations
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Load based on 
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Figure 6.23: Reduction of the total load as a result of greater barrier flexibility, due to de-
creased stiffness of the system kn. Legend: Weg = distance.

are shown in Figure 6.23. In addition, the load from the Timoshenko-beam model, which
indirectly corresponds to the load from the pressure-surge model, is also shown. As sug-
gested by the stiffness comparison, this value is lower than that obtained using the energy
equation.
It is conceivable that the method based on the conservation of energy overestimated the
contributing mass. The contributing mass in the energy equation could now be reduced,
thus shifting the curve of the energy equation downwards until it ultimately matches the
load obtained using the Timoshenko model. However, this step will not be performed,
since the contributing mass cannot be quantified.

Instead, this section will illustrate how different deformation properties can affect the load,
since the pressure-surge load model devised here does not explicitly take the deformation
of the barrier into account. The deformation is indirectly factored into the verification
of the load model, since the rope equation takes the brake elongation into account. The
form-finding analysis described in the following chapter 7.3 further illustrates the effect
of the structure’s flexibility on the impacting load. Furthermore, the structure’s flexibility
will be incorporated into a subsequent simulation of a barrier using the finite-element
program FARO (see section 7.1).

6.4.2 Discussion of the Different Load Models

In this chapter, the individual approaches to the calculation of debris-flow loads were
subdivided into approaches for rigid and flexible barriers. At the end of each of these
sections, the respective approaches were compared. The advantages and disadvantages of
each approach were highlighted.
In the previous, rigid load approaches, the occurrent load primarily depends on the squared
velocity. This dependence was also confirmed by the performed laboratory tests, and it is
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based on the properties of kinetic energy, which is dissipated during the stopping process.
However, this approach was not pursued any further, since its parameters, such as impact
time timp and the contributing mass m, cannot be easily measured or estimated. A model,
which does not rely on these two variables and is based solely on ”easily” measurable
and quantifiable parameters (density ρ, flow velocity u, flow depth hfl, and type of debris
flow), was derived.
An overview of the load levels of all flexible approaches for the May 18, 2006 filling event
(see section 4.5.1) is provided in Table 6.10. The pressure-surge model is considered to be
a load model for flexible approaches, even though it does not take flexibility directly into
account.

Table 6.10: Comparison of load approaches for flexible barriers, evaluated based on the May
18, 2006 debris-flow event. For each approach, the maximum total load on the ring net barrier
is indicated.

Approach Total Load [kN ]

Rickenmann 11,270
Flow around the ring net 310
Active earth pressure amplification 680
Pressure surge 1570
Reverse calculation of rope loads 890

For mudflow-like debris flows, Rickenmann’s approach clearly overestimates the occurrent
load, since it takes impact and filling times timp into account. Over the course of the
filling time, a significant amount of material passes through the ring net barrier, which
this approach erroneously considers to be part of the contributing mass. However, this
approach could conceivably be adapted to muddy debris flows by dividing the total flow
Q into a flow Qnet, which fills the net (dmin ≈ meshsize M), as well as a residual flow
Q′, which passes through the net. To this end, however, an approximate specification of
the grain-size distribution in the debris flow is required.
The flow around the ring net serves as the lower load limit and only describes the
flow-through condition before the first stones are stopped by the net.
In principle, the amplification of the static loading condition with a dynamic amplifica-
tion factor would be conceivable. However, the laboratory tests (see Fig. 6.9 and [46])
demonstrated different amplification curves and principles for different debris-flow
materials. Viscous materials, such as the material from the Trachtbach, result in greater
dynamic loads. As a result, this approach is also not suitable for practical application, or
would require comprehensive characterization of the material and a series of tests prior
to application.
The theory of pressure surges, each of which pushes across the previous one, describes
the initial fill levels accurately (see section 6.3.3). Larger deviations emerge when the
barrier is almost completely filled, since at this point, this approach overestimates the
occurrent load (due to the permeability effect of the barrier). For lesser flow depths and
larger barriers, this effect likely occurs earlier, since more surges push across previous
ones and the material drains more rapidly. If only two surges occur, filling the net within
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a short period of time (high flow depths hfl), the impact of permeability will certainly
emerge more slowly. The overflow loading condition during the 2006 event was also
overestimated, due to the impact of the previously drained material. In this case, a
reduction of the load due to the advanced consolidation of the material is conceivable,
although this requires a thorough understanding of the debris-flow material and its
drainage behavior. Therefore, the design concept realized in chapter 8 will not take this
reduction into account, and will be based on a conservative load model instead. A more
precise calculation based on the reduction due to the already self-supporting, stopped
soil aggregate yields the occurrent rope loads (see section 6.3.5).

6.4.3 Selection of the Pressure-Surge Model

The pressure-surge model has yielded verifiable results for the mudflow event in May 2006.
The results of the laboratory tests and field measurements also confirm many respects
of this model (see section 6.3). Furthermore, the model’s parameters can be estimated
relatively ”easily”. The dynamic component is taken into account via the conservation of
momentum, irrespective of the impact times. Up until this point, the pressure factor cp for
the dynamic momentum of granular debris flows could be derived based on specifications
by Armanini et al. [2]. This factor has yet to be confirmed in 1:1 field measurements.
The pressure coefficient of the dynamic component in the laboratory tests fell between
0.1− 0.9 and, therefore, correspond to the pressure coefficient of a mudflow. Based on the
literature, a value cp = 2 is recommended for granular debris flows. As a result, a calcu-
lation method using the appropriate pressure coefficient allows for the design for muddy
and granular debris flows. If both types of debris flows occur within the same channel,
factor cp = 2 must be used.
Due to the reduction of the ”overflow” stage, the pressure-surge model takes the perme-
ability of the barriers into account via the earth-pressure approach. The flexibility of the
system, however, is not taken into consideration. Section 6.4.1 demonstrated that a precise
determination of the system’s stiffness (e.g. using FSI and form finding; see section 7.3)
may allow for improved consideration of flexibility. Furthermore, parameters that cannot
currently be measured, such as the contributing mass, need to be further characterized
by means of targeted experiments.
By selecting the pressure-surge model, the present work adopts a conservative approach,
and flexibility, therefore, will not be taken into consideration. While the design example
calculated in FARO does take flexibility into account on the structural side, it is neglected
on the load side (see section 8).
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The numerical modeling of protective structures is advantageous because it saves on the
necessary, time- and cost-intensive 1:1 field tests. Furthermore, a better knowledge of the
model formation allows an optimization of the dimensioning of existing barrier systems
and at the same time the development of new load-bearing systems.
The barriers are first simulated using the software FARO, which was originally produced to
simulate flexible rockfall barriers [103]. The necessary modeling details will be explained,
as well as the new software components necessary for debris-flow barriers. Subsequent
example simulations of the 2006 filling event explain the influences of certain parameters
on model generation and at the same time validate the measured field forces.
In the second section of this chapter, the form-finding analyses necessary for flexible
structures will be discussed. A simplified model is used to carry out a quick back-of-
the-envelope calculation of a form-finding analysis, which is integrated into the structural
implementation in practice. Supplementary calculations for the necessary installation state
of the individual components are made within the structural design.
A comparison of the results of the two related programs in terms of their area of application
and limits is included in the subsequent discussion.

7.1 FARO Software for Simulating Rockfall-protection
Structures

The simulation program, which is based on the finite element method, was developed
specifically for the numerical modeling of flexible rockfall-protection structures and was
calibrated and validated using the results of 1:1 field tests (rockfall tests) with flexible
structures. The individual structure components such as posts, ring net, ropes, and brakes
are simulated true to the model by specific, discrete elements in accordance with their
properties. The numerical analysis is written in C++, whereas the graphical interface and
the visualization are programmed in Java and Java3D.

7.1.1 Non-linear Dynamic Analysis

In contrast to a static, linear, finite element analysis, the occurrent inertial forces of the
transported masses must be included in dynamic calculations. Therefore, the following
equation of motion must be solved numerically:

Ma+ Cu+K(x) = F (7.1)
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where M is the mass matrix of the individual nodes, C is the damping matrix, and K is
the stiffness matrix of the whole system. K(x) stands for the element-internal forces that
occur during the simulation period, while F is the load vector of the external loads. a is
the acceleration, which can also be expressed as a = ẍ, u is the velocity, the integral of
the acceleration (u = ẋ), and finally x is the distance variable.
Owing to the large non-linearities expected in the dynamic simulation and the short sim-
ulation period of Ttot ≈ 0.5 s for rockfalls, an explicit time integration method with very
short time steps is recommended for the numerical solution of the equation of motion [103].
The new velocities and displacements at time step t+∆t are calculated directly from the
current accelerations. These are assumed to be constant over a very short time step ∆t.
A problem with the explicit method is the selection of an excessively long time step, as
a result of which the assumption of constant acceleration is no longer valid and therefore
the result deviates from the real value.
Another possibility would be an ”implicit” method that, in contrast to the explicit method,
forms the equilibrium again and solves the non-linear equation system again for each time
step ∆t. However, in the case of large non-linearities this results in many iteration cycles
and consequently in long computing times, despite the much longer time steps that can
be selected.
For this reason, the time integration algorithm in FARO is based on an explicit time
integration according to the finite difference method [103]. It calculates the velocity at
the new time point t = t0 +∆t to give

v(t+∆t) = v(t) + a∆t (7.2)

assuming that a = const. during this time step. The displacement variables are calculated
from the velocity u in the same manner. The algorithm itself always moves between
time steps t−∆t and t +∆t based on the central difference quotients. Within this time
interval, the corresponding accelerations, velocities, displacements and energy contents are
constant. At time point t = 0 s, the following starting conditions apply to the respective
system nodes: ut=0 = ut = −∆t and xt=0 = x0. The velocities and displacements are then
each updated according to equation 7.2 from time step t to time point t+∆t

ut+∆t = ut +
f

m
∆t (7.3)

xt+∆t = xt + ut∆t (7.4)

where f = m · a (Newton) is the matrix of the effective forces on the system points and
m is the matrix of the respective point masses.
An order of magnitude of between ∆t = 10−4 − 10−6s is suggested for selecting the time
step. Smaller time steps result in undesirably longer computing times and larger time
steps result in numerical instabilities and large deviations in the results.

7.1.2 Static Analysis

The static equilibrium of a structure is found in conventional FE programs directly by
solving a (non-)linear equation system of the node equilibrium. The explicit method im-
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plemented in FARO for reproducing dynamic processes is also used for calculating quasi-
static equilibrium states. An explicit calculation method can even be recommended for
very large deformations.
With quasi-static calculations, it is important to keep the occurrent node velocities as
low as possible in order to minimize undesirable inertial forces here. All mass points have
the velocity u = 0m/s at the start and, although they are accelerated by the quasi-static
force fstat, this acceleration is reduced again by relatively high damping in the next time
step and thus the velocity is kept low. This method is carried out until the difference
in the kinetic energy from one time step to the next has reached a predefined minimum
(u → 0). For values for the damping ratio to be specified and for the threshold value of
the kinetic energy, see [103].

7.1.3 Carrying out the Calculation

The model is input into FARO using a text file. The syntax diagram for the input can be
found in [103]. When variables that have units (distance, force and velocity) are input,
consistent use of the SI units m, kg, s must be ensured.
After the model has been successfully generated, the simulation itself must be started
via the graphical interface or by means of command lines (for ”batch operation”). The
individual steps of the model generation are presented and explained in the following
section using a debris-flow barrier.
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7.2 Simulation of Debris-flow Protection Structures
using FARO

Since debris flows act on the structure over an area, as already shown in Table 6.2,
a procedure has been developed for inputting area loads into FARO. Also, the node
generation previously used for rockfall-protection systems has been expanded from the
rectangular ring nets more usual for rockfalls to trapezoidal cross sections. A graphical
implementation of the load Debris flow in the FARO software will visually animate this
loading condition. A sample calculation of the 2006 ring net barrier in the Illgraben below
shows the procedure for model generation and the associated modeling details.

7.2.1 Area Loads

Area loads and pressures are often converted to node forces in finite element formulations.
Therefore, there are two conceivable possibilities for modeling the debris-flow loads in a
generated model structure in FARO:

• Accelerated masses Here, each loaded system node i is assigned a starting velocity
and an additional mass mi. This corresponds to equivalent node loads according to
Newton’s law of Fi = miai (see Fig. 7.1, left).

• Node forces The effective total load is distributed uniformly over the node situated
in the loaded area (see Fig. 7.1, right).

Node mass = mi 

ufront 

Accelerated point masses 

Node force Fi 

Individual node loads 

Figure 7.1: Both variants of load input, with moving point masses on the left and with indi-
vidual node loads on the right.

The procedure of assigning masses to each loaded node requires an estimation of the
effective total mass. The overall ”dynamics” in the system are retained, whereas they
are omitted in the quasi-static equivalent load. The node starting velocity used can be
equated with the inflowing velocity of the debris flow ufront. However, if each node is
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slowly braked to u = 0 based on the resistance of the barrier, the loaded structure of the
barrier collapses and no longer has a real deformed configuration. A final, filled state of
the barrier cannot therefore be formed with this method.

In contrast, the individual node load procedure produces a nice deformed configuration
of the loaded structure, but the question arises of the size and type (distribution over
time t) of the effective forces.

If the effective masses and forces are estimated correctly, both procedures should produce
the same result. Owing to the selected load approach, based on pressures of the effective
debris-flow front, the individual node load procedure is selected for the calculation shown.
In addition, this produces a verification of the developed load approach in terms of the
occurrent rope loads of the barrier structure. However, a sufficiently accurate estimation
of the effective masses during the stopping process is not possible, because there is only
one available measurement result for the filling process.

7.2.2 Model Generation and Simulation of the 2006 Barrier in the
Illgraben

7.2.2.1 General Simulation Parameters

For an approximate duration of the individual surges (see section 6.3), the simulation
time point tsim = 1s is placed at time point treal = 1 min after blockage of the net. For
the calculations, the time step size is set to ∆t = 5 · 10−6s, the damping ratio is set to
α = 1 [103].

7.2.2.2 Element Nodes

For the model generation, the node groups net nodes, bearing nodes, and braking nodes
according to Figure 7.2 above and [103] must be entered. The coordinate system is selected
with the z axis pointing upward (according to the usual topographic coordinate systems).
The bearing nodes are assigned the corresponding boundary condition for non-displaceable
mounting. All the nodes in the 2006 barrier are in one plane, although in reality this is
not entirely the case in a ring net barrier structure.
When the loads are entered, nodes are determined that lie in the respective loaded area of a
surge (surges 1, 2, 3 or 4; see Fig. 7.2, bottom). Dividing the ring net nodes into individual
groups in the input file allows direct access to the respective node for the corresponding
load part. Load surges 1 − 3 correspond to the fill stages 1 − 3 from section 6.3. Surge 4
is the last surge, which results in complete filling and overflow.
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Nodal points of the net

$nchored nodes
Brake element nodes

X 

Ring elements 
Dimo 
elements 

Rope element

Brake element 

2m

3.5m 

10.4m 

5.5m 4m4m

hfl=1m 1. Load surge t=0…0.25s 

2. Load surge t=0.25…0.75s 

3. Load surge t=0.75…1.0s 

4. Load surge t=1.0…1.3s 

Figure 7.2: Node and element groups (top and middle) displayed in FARO and loaded areas
of the load steps in the pressure step model divided into different impact times (bottom).

7.2.2.3 Element Input

The rope, brake and dimo elements must each be entered as two-node elements, the ring
elements must be generated as four-node elements for the inner rings and as three-node
elements for the border rings (see Fig. 7.2, middle). This is followed by the material allo-
cation of the individual elements in the input file according to the specifications of [103].
Dynamic force-displacement laws according to Figure 3.7 can be implemented for the
brake elements.
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7.2.2.4 Load Input

The loads are input by applying concentrated loads. With a constant pressure distribu-
tion, these are calculated from the pressure multiplied by the area divided by the number
of nodes. If the load is constant over the barrier height, this can then be distributed
uniformly over all the nodes. In the case of a linear pressure distribution, the load for each
series of nodes must be averaged over the height and multiplied by the corresponding
width (see Fig. 7.4). The loads are each increased linearly from the previously effective
to the next maximum value over the effective period.
Table 7.1 shows the procedure for variant 2 according to section 6.3 for the loads of
May 18th, 2006 from section 6.3.3. In this case, the dynamic and hydrostatic pressure is
distributed uniformly over the current fill level. With variant 1, however, the dynamic
pressure is in each case applied only over the flow depth of the last load surge. This
procedure results in a more laborious input than variant 2. In each case, the average
width of the dynamic load surge or, in the case of the hydrostatic pressure, the average
width of the filled net area is applied as the average width for calculating the individual
node loads from pressures.

Table 7.1: Effective load q [kN/m] from pressure surge calculation distributed over the entire
loaded area of the fill level and respective increase of the load over the filling time of the
impact for variant 2

Einwirkungsdauer
State/step 1 2 3 4 Overflow

Load q [kN/m] 9.0 28.8 60.8 82.8 601

bm [m] 10.83 11.26 11.68 11.9 11.9
Number of nodes [−] 258 538 840 902 902
Node load [N ] 377 602 845 1092 792
Simulation time [s] 0-0.25 0.25-0.75 0.75-1.0 1.0-1.3 1.3-1.6

1 Active earth pressure approach with φ = 26◦

Dead Load

The dead load of the barrier and the retained material is relevant mainly for dimension-
ing the winglet rope, since this transfers the dead load of the bulge (for chain line, see
section 8.6.6.1). In addition, the dead load affects the deformation of the barrier in the
vertical direction.
The dead load of the filled ring net in the negative z-direction is estimated by the
following approximate calculation (see Fig. 7.3). The deformed configuration of the
ring net is approximately triangular according to section A-A in Figure 7.3 and is
assumed to be constant over the width. The parts missing owing to the approxima-
tion as a triangular profile are compensated to some extent by the assumption of the
deformation as constant. Loading owing to dead load is therefore calculated to give
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Fg = 0.5 · g · f · h′
b · bm · ρ = 0.5 · 9.81 · 2.5 · 3 · 11.9 · 1950 = 853kN with a density ρ

of the retained material of 1950kg/m3 (see section 6.3.4.5).
Loading owing to dead load is increased to the maximum value at the end of load surge 4
(barrier completely filled).

Anchor

Lower support ropes

hb'

Upper support ropes

Section A-A:

Anchor

Topview:

f

A

A

Unloaded barrier

bm

Calculated volume

Retained volume

G

f

Filled barrier

Figure 7.3: Approximation of the volume of the debris-flow bulge to determine the dead load.

7.2.3 Influence of Modeling Details

The following definitive influencing variables are investigated in the simulations:

• Hydrostatic pressure distributed constantly or linearly

• Dynamic pressure according to variant 1 or variant 2 (see section 6.3)

• Variation of time step size

• Variation of damping ratio

• Chronological variation of the load increase up to full load

The results of the varied influencing factors are presented in the following sections.

7.2.3.1 Hydrostatic Pressure Distributed Linearly or Uniformly

The static pressure of stationary liquids or of debris-flow material increases linearly with
depth (see section 4.4). For reasons of simpler modeling, a uniformly distributed pressure
is also conceivable instead of the triangular pressure distribution (see Fig. 7.4). There-
fore, the hydrostatic pressure is modeled with a linearly increasing and with a uniform
distribution (see Fig. 7.4).
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Linear hydro-static pressure

Phyd

¨h
¨h

Continuous pressure 

∆h 
∆h 

Phyd / 2 

Figure 7.4: Modeling of a linear pressure distribution compared with a constant one.

Table 7.2: Comparison of the simulated maximum forces with the linear or constant load dis-
tribution of the hydrostatic component in relation to the measured rope forces (the percentage
deviation is in brackets in each case)

Meas. rope forces Phyd linear Phyd const.

Upper support ropes [kN ] 150 151 (≈ 0 %) 166 (+10 %)
Lower support ropes [kN ] 230 242 (+5 %) 200 (−15 %)

The maximum loads of the upper and lower support ropes are shown as average values
in Table 7.2.
This makes it clear that the linear hydrostatic pressure distribution corresponds more
to reality and reproduces the measured rope forces better. The main difference appears
in the loading of the lower support ropes. Here, the load per support rope is 242kN
with a linear pressure distribution, whereas it is underestimated at 200kN with uniform
distribution. The upper support ropes are overestimated with the distribution.
It is therefore sensible to assume that the hydrostatic pressure is linearly distributed.
In the example of the 2006 filling event, it plays a greater role in the lower dynamic
loads owing to the very liquid debris flow. If the dynamic fraction dominates for granular
debris flows, a constant hydrostatic pressure distribution can however still be used for
the calculation.

7.2.3.2 Dynamic Pressure According to Variant 1 or Variant 2

The dynamic component of the effective debris-flow load can act either in a uniformly
distributed manner over the fill height or only in the upper, newly filled region (see
section 6.3). Therefore, variant 1 and variant 2 are compared with each other according
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to Figure 7.5.

2. step 
variant 1

2. step 
variant 2

PdynPhyd Phyd Pdyn

Figure 7.5: Load distribution over the ring net nodes according to variants 1 and 2 using step
2 as an example.

To investigate the influence of the distribution of the dynamic pressure, the hydrostatic
pressure distribution is assumed to be distributed uniformly over the height, because the
dynamic component is the critical one for debris flows with high flow velocities and there-
fore the influence of the correct modeling of the hydrostatic pressure is of less importance.

The simulation results for variants 1 and 2 show small differences. Owing to the distri-
bution of Fdyn over the respectively upper surge with an increase of 0 to Fdyn, variant 1
exhibits more oscillations in the load-time curves than variant 2 (see Fig. 7.6). The maxi-
mum load of the upper and lower support ropes is reproduced slightly better by variant 1
(see Table 7.3). This is an additional confirmation of the model from section 6.3.5 of the
pressure surges pushing over each other.

Table 7.3: Comparison of the simulated maximum forces with pressure variants 1 and 2 in
relation to the measured rope forces (percentage deviation in brackets). The static pressure
has been assumed to be uniformly distributed

Meas. rope forces Variant 1 Variant 2

Upper support ropes [kN ] 150 150 (0 %) 141 (−6.5 %)
Lower support ropes [kN ] 230 212 (−8.5 %) 202 (−14 %)

The difference in forces between variants 1 and 2 according to Table 7.3 is greater in the
simulation if the dynamic component is proportionately greater, e.g. in the case of granular
fronts or fast-flowing debris flows. Variant 1 is therefore recommended for the input of
area loads. For the muddy filling process during the filling event of 2006, the difference in
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Figure 7.6: Simulated forces in the upper (top) and lower (bottom) support ropes in the indi-
vidual fill stages according to variants 1 and 2. Legend: Zustand = stage; vollständige Füllung
= completely filled; Beginn Überströmen = start of overflow; Seilkräfte = rope forces; Obere
Tragseile = upper support ropes; untere Tragseile = lower support ropes; Variante = variant;
Simulationszeit = simulation time.

the effective range of variants 1 and 2 plays less of a role, for which reason the load input
of variant 2 is sufficient for reasons of simplicity (see Table 7.3). Simulation deviations of
up to 14% deviation are generally within a good range for the calculated support rope
loads. It should however be noted that the occurrent loads are underestimated in this
case.

The variation in the different load distributions shows that the correct simulation results
are achieved with variant 1 for dynamic load and with a linear distribution for hydrostatic
load. The rope forces of the lower support ropes are 244kN , those of the upper support
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ropes are 180kN (see Fig. 7.7). They overestimate the measured rope forces by max. 20%.
This load input is chosen for the rest of the study.

Figure 7.7: Simulated forces of the upper and lower support ropes according to variant 1 and
linear static pressure distribution. Legend: Seilkräfte = rope forces; untere Tragseile = lower
support ropes; obere Tragseile = upper support ropes; Simulationszeit = simulation time.

The following individual results were also produced:

• Winglet rope: In Figure 7.8, the load of the winglet rope is also entered in each
case. This was not taken into account in the load approach in section 6.3, because it
was assumed that it transfers the dead load of the filled barrier only in the vertical
direction. The size of the load in the simulation is also highly dependent on the size
of the dead load of the bulge of the barrier acting in the negative z direction. In
the simulations a load of 150kN was reached, in the field the measured value was
160kN (see section 4.5.1). In this case too, simulations and real measured values
are close together.

• DIMO elements: The support load components of the DIMO elements have not
been shown so far. The maximum value of 60kN occurred in each case in the DIMO
elements fastened horizontally in the net, whereas smaller loads occur in the upper
and lower oblique DIMO elements. These are not arranged parallel to the main load
direction, as a result of which they receive a smaller load (see section 4.6.3). The
average value of the load level of all 8 DIMO elements is approximately 35kN .
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Figure 7.8: Simulated forces in the winglet rope in the individual fill stages according to vari-
ants 1 and 2. Legend: Zustand = stage; vollständige Füllung = completely filled; Beginn
Überströmen = start of overflow; Seilkräfte = rope forces; Flügelseil = winglet ropes; Variante
= variant; Simulationszeit = simulation time.

7.2.3.3 Influence of Load Increase

In the simulation results shown so far, the load was always increased up to a simulation
time of tsim = 1.3s before the overflow loads were applied between tsim = 1.3− 1.6s. For
comparison, the individual load surges are now each increased in 1/10 of the previous
simulation time tsim up to the maximum load. This means that the barrier is already
completely filled at tsim = 0.13s. The following simulations are carried out with damping
ratio α = 10. Figure 7.9 shows the results of these calculations for the lower and upper
support ropes.

It can be seen that brief load peaks occur with the rapid increase in load owing to the rapid
loading of the structure. This is followed with the rapid increase in load by a constant
loading, which corresponds approximately to the loading of the normal, slower increase
in load. The normal loading speed is therefore sufficient. Only the upper support ropes
have a 14% higher load level with the rapid increase in load than with the medium and
slower increases in load.
Excessively rapid increases in load should be avoided owing to the fast reaction of the
structure with large load peaks. In case of doubt, the sensitivity of the structure in relation
to the rate of load increase must be determined first in a numerical simulation.

7.2.3.4 Influence of Damping Ratio

With the variation in damping ratio, a load increase time of t = 1.3s and a time step size
of ∆t = 5 · 10−6 are used. It can be seen in Figure 7.10 that the maximum load becomes

WSL Berichte, Heft 44, 2016 205



7 Numerical Modeling

Figure 7.9: Rope forces of the upper and lower support ropes at a rapid 0.13s, a normal 1.3s,
and a slow 13s load increase. Legend: obere Seilkräfte = upper rope forces; untere Seilkräfte =
lower rope forces; langsam = slow; schnell = fast; mit = with; Simulationszeit = simulation
time.

smaller during the simulation for larger values of α (α = 50, α = 100). The maximum
excursions are damped for larger values of α, so the curves seem more uniform than for
lower damping values of α = 1 and α = 10. In addition, the maximum values of the
load are reached later in time in the simulation for higher damping ratios, although the
increase in load is the same (see Fig. 7.10).

Figure 7.10: Rope forces of the upper and lower support ropes for a variation in the damping
ratio of α = 1, 10, 50, 100. Legend: obere Seilkräfte = upper rope forces; untere Seilkräfte =
lower rope forces; Simulationszeit = simulation time.

If the damping ratios are too high, however, there is a risk of underestimating the maxi-
mum occurrent load because load peaks are damped out. In addition, the maximum load
level for higher damping ratios is not reached until later in the simulation, as a result of
which there is a risk that the simulation is ended prematurely before the maximum load
level has even been reached.
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7.2.3.5 Influence of Time Step Size

The time step ∆t is varied from 1.0 · 10−6s to 30 · 10−6s, because the structure (ring net)
numerically fails at a time step of ∆t > 3.0 ·10−5. The maximum values of the rope forces
are shown in Table 7.4. The utilization in the ring net is also shown, because the ring net is
the definitive component in the increase in the time step. In previous simulations, the ring
net was not critically utilized, which is why it was not included in previous considerations.

Table 7.4: Comparison of maximum loads in the support ropes and rings with variation of the
time step

Time step size [s] 1.0 · 10−6 5 · 10−6 10 · 10−6 20 · 10−6 30 · 10−6

Upper support ropes [kN ] 182 188 180 181 1801

Lower support ropes [kN ] 244 242 244 246 2501

Rings [utilization %] 31 32 33 37 701

1 Threshold time step before numerical time integration becomes instable

It can therefore be determined that the time integration is no longer stable at a time step
of ∆t > 3.0 ·10−5s. The time step size ∆t = 1.0 ·10−5s, with which most simulations were
carried out, provides correct load sizes in the individual components and should also be
used for the following simulations.

7.2.3.6 Deformations

The individual load surges can be recognized easily in the bulging during deformations
of the barrier (see Fig. 7.11). The deformation of the barrier as a whole also corresponds
qualitatively well with the individual stages according to the video analysis of the filling
process. However, the quantitative maximum deformations of the bulge in FARO are
reproduced slightly too large, for which reason FARO should not be used to calculate
maximum deformations for area load effects. The maximum deflection of the bulge in the
completely filled state is in this case approximately 3m, whereas it was 2.5m after the
first filling process in the field (see section 4.5.3). This problem results from the fact that
FARO was originally written for the point loads of rockfalls, i.e. the numerical model of
the ring net has been optimized rather for a multidirectional linear load transference from
the impact point to the support system and less for a uniform loading over an area.

7.2.3.7 Static Calculation

Although the static calculation of ring net barriers is often not definitive from a design
standpoint, it should still be included in the investigation, particularly for very high
barriers. It can also be necessary to investigate any definitive partial or complete snow
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Figure 7.11: Deformed ”Illgraben 2006” barrier without simulated channel bottom at the times
of the impact of the first wave and the end of the first wave (top), middle of second and third
waves (bottom).

blockage. In this case the effective snow pressure is used instead of the earth pressure.
The static loading condition is actually calculated indirectly but dynamically, because the
method of static calculation of rockfall-protection structures described in section 7.1.2
does not work for individual element loads. The procedure is like that for the dynamic
calculation, the load being increased slowly to full load within a longer simulation period
of ∆t > 1s. Then the effective load is kept constant, which results in the static equilibrium
of the barrier. A higher damping ratio can also be used for the calculation, to reduce the
dynamic self-oscillations of the structure and the dynamic stress peaks.
The effective load on the 2006 barrier is calculated according to equation 5.23 for an
internal friction angle of φ = 33◦, a density of ρ = 2300kg/m3 with an average barrier
width of bm = 11.9m and the set barrier height of h′

b = hfill = 3m to give Fstat =
1
2
Ka,hγh

2
fillb =

1
2
0.3 · 23 · 32 · 11.9 = 370kN .

The procedure for load distribution over the individual nodes is analogous to Figure 7.4.
To simplify, the active earth pressure can also be distributed constantly as an equal node
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Figure 7.12: Deformed barrier without simulated channel bottom in final state during overflow,
from the front and from the side.

load over all the nodes. It is then not possible to reproduce the measured rope forces in
the Illgraben precisely, because the lower rope forces have a load that is too small and the
upper rope forces have one that is too large. To verify the measured static rope forces in
the Illgraben, a load that is distributed linearly over the height is therefore chosen for the
simulation example. This yields the rope forces according to Figure 7.13. A comparison

Figure 7.13: Rope forces of the filled barrier loaded by active earth pressure. Legend: Seilkräfte
= rope forces; untere Tragseile = lower support ropes; obere Tragseile = upper support ropes;
Simulationszeit = simulation time.

of the simulated rope forces with the measured values for the filled state of the barrier
without vertical loads (only daytime flow) is shown in Table 7.5.
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Table 7.5: Comparison of the simulated maximum forces for the filled static state of the barrier
in relation to the measured rope forces (percentage deviation in brackets)

Meas. rope forces Simulation

Upper support ropes [kN ] 100 90 (−10 %)
Lower support ropes [kN ] 150 140 (−7.1 %)

A good agreement is shown between the simulation forces and the measured forces for
the static loading condition. The angle φ = 33◦ is of course based only on an assumption,
which is supported by the friction angle measured in the laboratory with an ideal water
content of 5.9% and an ideal Proctor density of φ′ = 43◦ (see section 5.2.3.5). However, the
conditions are less ideal in the field. The material is not arranged in the most favorable
pack size with a Proctor density of 2225kg/m3. In addition, the ideal water content
deviates from the water content of the material in the field, because constant infiltration
takes place owing to normal water drainage. Both factors reduce the internal friction
angle, so an assumption between 30−35◦ appears plausible. The average value 32.5 ≈ 33◦

was therefore used in the simulation. The density of the material behind the barrier is
assumed to be somewhat higher than the Proctor density (determined for grain sizes less
than 3cm), because there are much larger blocks and stones directly behind the barrier,
with a rock density of ≈ 2600kg/m3. These blocks and stones however also result in more
cavities than is the case with smaller grain sizes, which are then however partially filled
again by the debris-flow matrix.

Despite these uncertainties in the parameters, the correspondence of simulated and mea-
sured values indicate a model that is in itself conclusive for determining the static load of
a filled ring net barrier. The same procedure can also be used below for calculating the
”snow accumulation” loading condition (see [108]).
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7.3 Form Finding

With flexible barriers, large deformations of the structure occur as they are filled by a
debris flow. The end deformation plays an important role in the dimensioning and use of
the barrier in practice owing to geometric conditions and long-term behavior. Therefore,
this chapter will describe and carry out an approach for controlling the shape of soft
structures - the form-finding analysis - using the example of a simplified model of the ring
net barrier.
First, the necessary theoretical principles of the form-finding problem are briefly intro-
duced and explained in the following sections. The model calibration is described using
the ring net experiments on the CTI test stand [45]. The developed modeling details are
then implemented in a three-dimensional, simplified model of a typical structure using the
software CARAT (see section 7.3.2). The model shows a possible ideal deformed configu-
ration for the barrier to be able to transfer the debris-flow loads in an efficient manner.
The results of the form-finding calculation are then interpreted from a structural stand-
point of practicability, i.e. which deformations are technically sensible and feasible to
achieve a reasonable outlay on materials and costs. Back-of-envelope calculations for the
necessary installation state of the support ropes and of the ring net are introduced. In
addition, the aspect of durability plays an important role in the shaping of the ring net
barriers and must be taken into account. All three factors - bearing-load-specific shap-
ing, economical feasibility and structurally necessary shaping - play an important role in
the numerical modeling even in the planning phase and should be agreed and taken into
account as well as possible.

Figure 7.14: Equilibrium form after form-finding analysis for an intended maximum end de-
formation f of 1m.

7.3.1 Definition of Term Form Finding

Form finding means the search for the load-bearing geometry that balances the priorities
of magnitude and orientation taking into account the geometric boundary conditions, rope
forces and external loads [104]. Form finding is relevant to membrane and rope support
structures that allow large deformations while neglecting the bending stiffness, which
results in a link between the stress state and the geometry. It also has great importance
in the membrane-oriented design of bowl-type structures.
Form finding is generally difficult from a numerical standpoint because it is an inverse
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problem. With inverse problems, causes are sought for observed, measured or intended
effects and solutions. This is the exact opposite of direct problems, where the resulting
effect of the causes is investigated using a defined system with basic equations and given
parameters.
In this case, the ideal shape of a ring net barrier for load-transference behavior is sought,
i.e. the barrier is in equilibrium for the predefined starting load and preliminary tension
of the ropes. In other words, how must the individual components such as ropes and
anchors be arranged and pre-tensioned so that a uniform load distribution in the support
structure occurs during and after the filling process.
The present work mainly considers barriers in one plane. The preliminary tension of the
ropes and of the ring net were varied in order to achieve a controlled end deformation of
the bulge after filling. A support system that already has an initial spatial configuration
when in the unloaded state is not considered in this paper.
First, a net membrane, shown in cross section as a rope strand, is modeled under variable
preliminary rope tension in CARAT in a highly simplified, two-dimensional model (see
section 7.3.2). The model and the results for a variable preliminary rope tension are shown
in Figure 7.15. It shows how different preliminary tension values affect the maximum
deformation f of the barrier.

5kN/m 4kN/m 3kN/m 2kN/m 1kN/m 

Figure 7.15: 2-D model of the ring net and the maximum deformations f when the preliminary
rope tension is reduced in stages from 5 kN/m to 1 kN/m. Legend: Ankerpunkt = anchor;
Stich = arch rise; Ausgangskonfiguration = start configuration; Gleichgewichtskonfiguration
= euquilibrium state.

The form-finding analysis is followed by the cut calculation. This means determining the
geometry of the associated unloaded initial structure, i.e. the construction specification
for the flat, unfilled barrier.

7.3.2 CARAT Software

For a long time, the experimental approach to the form-finding problem was the only
possibility of solving the complex issue of form finding. A small-format, physical model
of the membrane structures was laboriously produced to obtain information about the
cut and the final form of membrane support structures. In the meantime, numerical form
finding has become established by the development of different methods for overcoming
the numerical difficulties associated with inverse problems. The CARAT finite-element
program was developed at the Institute for Structural Mechanics at the University of
Stuttgart [10]. The name CARAT stands for ”Computer Aided Research Analysis Tool”.
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The essential principles for form finding and the subsequent structural analysis were
implemented at the TU Munich [104].

7.3.3 Basic Form Finding Equations

To carry out a complete analysis of a membrane structure, consisting of numerical form
finding and simulation under effective load, an additional configuration must be carried
out first for the initial and current configuration. The corresponding configurations are
shown in Figure 7.16 [104].

Form finding 

Current configuration 

due to additional load 

Initial 
configuration 

Equilibrium configuration 

due to preliminary tension and 
"shape-giving" load 

Static/dynamic analysis 

Figure 7.16: Deformation of a membrane - configurations for form finding and structural anal-
ysis and calculation process with CARAT.

The calculations start with the most flat, stress-free initial configuration, which becomes
the equilibrium configuration after the non-linear form-finding calculation. The equilib-
rium configuration describes the form of the structure in which the preliminary tensions
and ”forming load” are in equilibrium. Form finding is an equilibrium consideration with-
out the material playing a role. After form finding, the structure is materialized to deter-
mine the cut of the initial configuration or the deformation of the current configuration
as a result of further loading (structural analysis).
From a mechanical standpoint, the numerical procedure of form finding can be explained
best using the principle of virtual work [105]. A membrane is considered in static equilib-
rium. The basic equation of the principle of virtual work is then

δw = t

∫
a

σ :
∂(δu)

∂x
da = t

∫
a

σ : ∂(δu,x)da = 0. (7.5)

σ is the Cauchy stress tensor and δu,x is the derivative of the virtual displacements in
relation to the current configuration. The thickness of the membrane t is assumed to be
very thin and constant during the deformation.
After rearrangement, the virtual displacement can be expressed by the deformation gra-
dient F:

δu,x =
∂(δu)

∂x
=

∂(δx)

∂X
· ∂X
∂x

= δ

(
∂x

∂X

)
· F−1 = δF · F−1. (7.6)
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Figure 7.17: Tangential stress state of a membrane [105].

If equation 7.6 is now inserted into equation 7.5 and integrated over the initial area A,
the following equation results:

δw = t

∫
A

σ : (δF · F−1)detFdA = t

∫
A

detF (σ · F−T ) : δFdA = 0. (7.7)

Finally, the 2nd Piola-Kirchhoff stress tensor S = detFF−1 · σ · F−T is introduced. The
Cauchy stress tensor relates to the current configuration, while the 2nd Piola-Kirchhoff
stress tensor relates to the reference or initial configuration. σ and S are identical if current
and initial configuration are the same, which is the case in the equilibrium configuration
and thus in the form finding solution.
The theory of form finding is not discussed in any more detail in this paper. For a more
detailed description of the derivation of the principle of virtual displacements and the
numerical implementation for the finite element calculation of the form-finding analysis,
see [104].

7.3.4 General Modeling Details

Two modeling types were studied for the ring net in CARAT. One consists in reproducing
the ring net as a membrane that can reproduce the properties of the reproduction as well
as possible. The material property of the membrane elements of only being able to transfer
tensile stresses is well suited to this (see Fig. 7.18, left). However, with an isotropic material
law of the membrane elements, the shear modulus cannot be influenced separately from
the E-modulus and Poisson’s ratio [104]. This results in contradictory material behavior
between the model and the ring net, because the ring net itself cannot absorb shear forces.

In modeling terms, the problem of shear stiffness can be circumvented by selecting an or-
thotropic material law. With this material behavior, the shear modulus can be minimized
separately. Because the ring net has the same material properties in different directions,
the fiber directions are each allocated the same material characteristic values.
A particular property of membranes is that they can only transfer tensile force. If com-
pression occurs, they attempt to evade it perpendicular to their plane. Wrinkling occurs,
which result in numerical instabilities in the simulation. Wrinkling can be understood
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Figure 7.18: Pulled 8-ring arrangement of ROCCO 19/3/300 (red) and the determined bending
and tensile stiffness kb and kt of it [45].

in structural engineering terms as a local stability problem. There are two different ap-
proaches to this problem.
The first and simplest option, which is however hardly useful in practice, is to change
the discretization. Coarser discretizations calculate beyond the wrinkle problems and
”smooth” them, in a manner of speaking. The great disadvantage of this approach is that
the calculation accuracy rapidly decreases with coarser discretization, and this method is
less practical as a result.
It is better to model the structure with specific membrane elements that have implemented
the wrinkling and thereby resolve and calculate wrinkled regions with normal discretiza-
tion fineness. This procedure does not require a coarse or very fine discretization, which
results in inaccuracies or very long calculation times, and the convergence behavior is also
stable [104].

Figure 7.19: Model of an individual ring with truss elements and generated rope net with truss
elements.

Alternatively to an orthotropic, flat membrane, the ring net can be reproduced as a rope
net. In this case the ring net is reproduced with truss elements, which interconnect to
form a rope net. An individual ring is discretized by four truss elements. The node points
of the individual elements then form the overlap region of the rings. The biggest modeling
error that can occur in this case is caused by the contact points of the individual rings
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in the nodes being reproduced rigidly, whereas in reality these can slide freely [103]. In
addition, this method entails additional time and effort in model generation compared to
modeling with membrane elements, owing to the large number of elements with a complex
element-node assignment.

Figure 7.20: Test stand used for calibration. Legend: instrumentierter Wurfkörper = instru-
mented impact body.

Figure 7.21: Comparison between membrane and rope net model deformations of the tensioned
ring net in the test stand.

Both modeling approaches are calibrated with the aid of the experimental data of the CTI
frame (see Fig. 7.20). In the frame experiments, an 820kg experimental ball was placed
into the ring net shackled in the frame and the static slack was measured. The model of
the membrane elements and the model of the rope net were then calibrated to these de-
formation values. With the membrane elements, the problem of wrinkling occurred in the
corner regions with the four-sided mounting produced from the experimental arrangement
in the frame. This wrinkling was intensified by the central load point of the subsequently
modeled ball, the load from the ball being assumed to be distributed over half the ball sur-
face. It was possible to overcome the wrinkling in the model with orthotropic membrane
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elements. However, with the uniform area loading of the inflowing debris flow in later
simulations, this problem no longer occurred, even with isotropic membrane elements.

7.3.5 Model of Ring Net Barrier with Membrane Elements

2 support ropes at the top 

2 support ropes at the bottom 

Ring net modeled as a membrane 

X 

Y 

Z 

bo=13.4m 

bu = 10.4m 

h = 4m
 

Figure 7.22: Flat model of initial configuration with two support ropes at the top and bottom
and the modeled ring net as a membrane.

Model formation of the ring net with orthotropic membrane elements is described here.
The E-modulus in both orthotropic fiber directions is set to 3300kN/m (see Fig. 7.18) and
the fiber directions are selected to be perpendicular to each other. The shear modulus was
selected to be minimally small, so that no shear forces can be transferred from the ring
net. Because a back-of-envelope engineering model is sought to estimate the equilibrium
form produced during debris-flow filling, the following simplifications are made. The upper
and lower borders of the membrane are delimited by the upper and lower support ropes.
The border of the barrier to the bank is fixed (see Fig. 7.22). The dead load is disregarded
as a non-decisive load for smaller arch rises compared with the quasi-static debris-flow
load. The flow direction corresponds to the z axis of the model and thus to the definitive
loading direction. The following calculations were carried out:

• Form finding analysis The preliminary tension in the ring net and in the support
ropes that produces a maximum arch rise f = 1m in the form-finding analysis is
sought. In the form-finding analysis, the entire debris-flow load of 20kN/m2 (average
value of the event of May 18th, 2006) uniformly distributed over the membrane sur-
face is used as the load. In the first sample calculation, the more realistic anisotropic
stress distribution is studied, whereas in the second sample calculation the isotropic
stress distribution is selected to investigate a uniform utilization of the membrane.

• Cut calculation In section 7.3.6, back-of-envelope calculations are used to estimate
the installation lengths of the support ropes and the cut size of the ring net for the
intended ideal shape.

Example 1: Anisotropic preliminary tension

The preliminary tension of the membrane is approximated using an estimation of the
effective stresses in the ring net when loaded of 140N/m. This value is however too great
in the y direction (vertical) for realistic forms, because the membrane thereby pulls the
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upper and lower support ropes together too much and too much of the barrier’s height
(h′

b << hb) is lost. Consequently, an anisotropic preliminary tension was selected that
only has 140kN/m preliminary tension in the x direction and 20kN/m in the vertical
direction (y direction). The ropes are pre-tensioned with 50kN .

Figure 7.23: Vertical deformations of the equilibrium configuration of the barrier (anisotropi-
cally pre-tensioned) modeled for a desired maximum arch rise f of 1m.

Figure 7.24: Horizontal deformations of the equilibrium configuration of the barrier (anisotrop-
ically pre-tensioned) modeled for a desired maximum arch rise f of 1m.

Figure 7.25: Ring net stresses in the equilibrium configuration of the ring net barrier for a
maximum arch rise f of 1m with anisotropic preliminary tension of the membrane.

The deformation amounts of the ”ideal shape” in the vertical and horizontal directions are
shown in Figures 7.23 and 7.24. A feasible shape (equilibrium configuration) was found
for the ring net barrier with an intended target deformation of f = 1m.
The von Mises stresses are relevant for the utilization of the ring net (see Fig. 7.25). They
correspond to the required preliminary tension value (target condition of the form-finding
analysis); stress peaks only occur along the support rope. These can be explained by the
fixed mounting of the membrane on the support ropes, which prevents the membrane
slipping on the support ropes.
Because a uniform stress distribution is usually the aim for flat support structures, an
isotropic preliminary stress state is studied in the next sample calculation.
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Example 2: Isotropic preliminary tension

In the barrier below, the membrane is pre-tensioned isotropically with 40kN/m and the
support ropes are pre-tensioned with 100kN/m. The isotropic preliminary tension is re-
duced accordingly to avoid excessively reducing the membrane area owing to the less
dominant load transference direction (h′

b << hb). Therefore, the preliminary tension in
the support ropes is also increased.

Figure 7.26: Vertical deformations of the equilibrium configuration of the barrier modeled for
a desired maximum arch rise f of 1m (isotropically pre-tensioned).

Figure 7.27: Horizontal deformations of the equilibrium configuration of the barrier modeled
for a desired maximum arch rise f of 1m (isotropically pre-tensioned).

A realistic equilibrium form of the form-finding calculation is observed here too. The
defined target deformation f = 1m is achieved. The vertical deformations in the upper
support ropes (middle of the barrier) are also in the acceptable range at 1.4m. With regard
to the intended ring net stress of 40kN/m2, it can be seen in Figure 7.28 that this order
of magnitude is achieved in the border region of the barrier. Greater von Mises stresses
occur in the middle region owing to the direct vertical load transference direction to the
support ropes.

Figure 7.28: Ring net stresses in the equilibrium configuration of the ring net barrier for a
maximum arch rise f of 1m (isotropically pre-tensioned).

In summary, both calculations have achieved their equilibrium form and thus form a
model for an approximate determination of the ”ideal form” of a ring net barrier for a
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desired maximum arch rise of 1m. No material laws were included in the model so far and
therefore it was possible to disregard all the non-linear processes that occur during the
impact of a debris flow (plastification of the ring net, deformation of the brakes, stretching
of the support ropes, slipping of the rings etc.).
Therefore, an equilibrium form for a certain degree of utilization that meets certain ge-
ometric conditions (in this case the maximum deformation in the flow direction f) can
quickly be found.

7.3.6 Structural Design

It is now important to draw conclusions about the necessary installation state of the
support ropes and of the ring net and finally define the structural design of the support
structure.
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Figure 7.29: Rope deformations in the flow direction for a uniformly distributed debris-flow
load and the derivation of the rope length after the filling process s.

Support Ropes and Brakes

The support ropes delimit the barrier at the top and bottom. The lateral support ropes
(fixed in the model) and the winglet rope are disregarded in this consideration. The
greatest displacement in the load-bearing system arises owing to the horizontal support
ropes and the brake elements implemented in them. In the 2006 barrier in the Illgraben
(simplified model in CARAT), the installation lengths of the upper support ropes are
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approximately 13.4m, those of the lower support ropes are 10.4m. The rope lengths nec-
essary in each case are calculated as a circular segment for different maximum deflections
f of the support ropes in the flow direction. The vertical deformation owing to the effec-
tive dead load is disregarded in this consideration. An additional simplification is made
in that the debris-flow load is effective in an ideally uniformly distributed manner over
the support ropes and the deformed configurations can thereby be reproduced as circular
segments with the radius r. The geometric relationships according to Figure 7.29 therefore
apply. The uniform pressure on the support ropes produces a load-bearing state that is
described by Barlow’s formula:

Ndebrisflow +N0 = Pdebris−flowload · r (7.8)

where r is the describing radius of the rope in equilibrium (see Fig. 7.29). N0 is the prelim-
inary tension of the support rope. If one observes the different desired end deformations
f of the support ropes (e.g. f = 1, 2, 3m), the following rope lengths to be installed are
produced according to Table 7.6. The deformation of the net would accordingly have to
be added to the maximum deformation of the support ropes. The necessary number of
brake elements can be derived from the necessary rope lengths in a further step. All the
other changes in length from section 6.2.2 (initial slack, elastic strain and temperature
influence) can be assumed to be negligibly small compared with the deformation of the
brake elements lbr.

Table 7.6: End lengths of the support ropes and necessary brake lengths lbr if brakes are ar-
ranged on both sides

Lower support ropes Upper support ropes
L = 10.4m L = 13.4m

Arch rise f [m] 1 2 3 1 2 3
Radius r [m] 13.5 7.7 6.0 22.4 10.2 8.9
Deformed length s [m] 10.6 11.4 12.5 13.6 14.0 15.1
Necessary brake length lbr [m] 0.2 1 2.1 0.2 0.6 1.7

The lengths lbr can then be used to define the necessary number of brake elements (see
section 3.2.2.3). If one assumes a maximum value of approximately 1m deformation
distance for a GN-9017, this yields one brake per support rope if the brakes are installed
on both sides and the desired maximum deformation is 3m.
See also Table 7.6 for the subtraction of the described radii of the rope curvatures with
the addition of the maximum deformations f . This means, assuming that the ropes are
ideally loaded uniformly by the debris-flow load, that a lower load on the support ropes
is produced via Barlow’s formula for increasingly greater maximum deformations f . This
emphasizes the advantage of a flexible load-bearing system, which is also explained in a
different manner in section 6.4.1.
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Cutting the Ring Net to Size

To be able to define the necessary number of rings and the size of the ring net when in-
stalled, the deformation of the rings from the round (elastic) state to the angular (plastic)
state according to Figure 7.30 must first be taken into account. The plastic strain of the
rings themselves is disregarded, as a result of which the edge length of the ring a that
has been deformed into a square shape can be calculated from the circumference of the
ring to give a = 2 · π · r/4 = 2 · π · 0.15/4 = 0.23m for a ring diameter of d = 30cm
(see Fig. 7.30). The spacing of the main rows of rings is estimated using the deformed
geometry in Figure 7.30 to give a/2.
The maximum bulge in the center of the ring net according to Figure 7.27 is decisive for
the number of necessary horizontal rows of rings. In reality, the maximum arch rise of the
ring net tends to be in the lower half of the barrier owing to the additionally effective
dead load and the (usually trapezoidal) debris-flow load distribution that varies over the
height, but the necessary number of rings remains the same for the structural design.

Main row Main row 

a/2 

a 

Figure 7.30: Deformed ring net and the approximation of the ring as a square with a side
length a.

As shown in Figure 7.27 the simplified model in CARAT produced for the equilibrium
form a 30cm larger maximum deformation f in the ring net than in the support ropes
with a total deformation of approximately 1.1m. For a radius of r = 16.6m, this yields a
net length snet,h of 12.2m, if the deformed ring net is projected into a plane. This means
that the necessary number of main ring rows with a distance between two rows of ≈ a/2
according to Figure 7.30 is N = 12.2/(0.23 + 0.23/2) = 36 main ring rows.

If the number of main rings to be installed is compared with the number of main ring rows
that is recommended by the manufacturer per meter of net area [39], a recommendation
of 2.8 rings per meter with an average barrier span of 11.9m gives a main ring number of
33 rings. Therefore, 3 additional ring rows are necessary in the central net region.
The same calculation is carried out for the vertical rings. In this case, the lowering of the
net from hb = 4 to h′

b = 4− 1.4− 0.7 = 1.9m remaining height according to Figure 7.26 is
taken into account. For 30cm maximum deformation of the ring net in the flow direction,
this yields a necessary vertical net length of snet,v = 2.09m. This is half the installation
length of the net at 4m. So, only the structural number of rings from [39], which is specified
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as 21 (main and secondary rings) for a height of 4m and a ring diameter of d = 30cm, is
decisive for the vertical length of the net owing to settling of the barrier.
Because additional distance in the rings becomes free during vertical deformation, it
would be conceivable that additional main rows do not have to inserted in the horizontal
direction either. The rings can deform in a more rectangular manner with the larger axis
in the horizontal direction (x direction), which also supports the main transfer direction
in the horizontal direction (x direction) (see Fig. 7.32).
The diagonals at the sides are added by means of additional cuts or the rings that have
been cut off in the lower net region (see Fig. 7.31).

10.4m 

13.4m 

Number of main rows = 36 installed across 11.9mN
um

ber of m
ain row

s: 10

Cutting line ring net

4m
 

Figure 7.31: Required ring rows and cuts from form-finding calculation.

Figure 7.32: Ring net that has deformed in a rectangular manner with a larger deformation of
the rings in the horizontal direction, which supports the horizontal load transference direction
of the membrane.

Structural Details

There are other important points to take into account in the form finding of the barriers
in addition to the maximum deformation and the ring net shape. The final form of the
barrier has a big influence e.g. on the behavior of the barrier with respect to durability. If
water containing sediment flows continuously over the deformed bulge of the barrier, the
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Figure 7.33: Negative shaping (left) and positive shaping (right) for preventing corrosion effects
on the ring net.

service life of the net is adversely affected by the abrasion of the fine particles, and a non
rust-free steel tends to corrode (see Fig. 7.33, left). Therefore, the form finding process
should also include considerations of how the shape can be favorably selected to avoid
such corrosion effects.
This was done as early as the stage of planning the geometry for the 2007 barrier (see
section 4.3.3). Before the barrier was erected, FARO simulations were used to select a
system in which the winglet rope anchors and the upper support rope anchors were each
placed one meter forward. This selection of the boundary conditions means that when the
barrier is filled, the upper part including the abrasion protection system comes forward
in the flow direction and thereby produces an ideal overflow crest. The overflowing water
therefore does not run down over the ring net but forms a free overflow (see Fig. 7.33,
right). The same effect, but to a lesser extent, can be achieved by means of additional
brakes in the upper support ropes and the winglet rope. An oblique position of the posts
in UX systems and an additional braking distance in the retaining rope can likewise have
the same effect.

Furthermore, geometric and topographic boundary conditions play a role in the form
finding process. If e.g. a ring net barrier is planned as an additional structure at or on
an already existing barrier, certain boundary conditions are explicitly specified. If an
additional ring net is planned above or on the already existing barrier, it is important to
take into account the maximum deformation of the bulge. This should, if possible come
to rest on the overflow crest at the end of the existing structure after filling. If it projects
too far over the existing barrier, the latter is subjected to an additional bending load for
which it was not designed during its planning stage.
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Figure 7.34: Geometrically constrained selection of the boundary conditions in the addition of
a net barrier to an already existing structure, Illgraben VS, Barrier 25.

If an addition is made to the side of a concrete barrier, as in the case of Barrier 25 in
the Illgraben, the boundary conditions of the barrier, such as anchor position and rope
routing, are largely already defined by the old structure. The obliquely arranged second
barrier, which is situated above the first net barrier, acts to divert the debris-flow stream
over the actual concrete barrier (see Fig. 7.34). Indirect form finding was also conducted
in this case.

Shaping from a Construction Standpoint

If the two other aspects of form finding - durability and geometric conditions - from
section 7.3.6 are included in the structural design, this means that first the horizontal
deformation of the barrier in the flow direction must be estimated or calculated to decide
the location at which the net should be installed. It is then necessary to analyze the
geometric conditions on site for the selection of the anchors and where necessary revise
the model if the anchors cannot be drilled according to the model created.
Barlow’s formula in equation 7.8 shows that large maximum deformations have a more
favorable load-transference behavior for the debris-flow load. Here, however, the dead
load of the retained debris-flow material must be taken into account. If the ring net
projects far beyond the line of the support ropes, very high loads quickly arise from the
dead load with large bulges. These loads must be transferred accordingly via the support
structure. The same caution should be exercised with a larger bulge in the upper barrier
part, which is better suited for structural reasons to improving corrosion problems, but
represents a large additional load on the whole system, especially during the overflow
process.
In addition, the intended purpose of the barrier must be taken into consideration.
Is the barrier planned to provide debris-flow retention or as a barrier that remains
permanently full to create a small vertical-drop effect in the streambed? In the latter
case, additional measures are required for durability. The selection of upper anchors
that are brought forward and deviate from the vertical system line is recommended for
this (see section 4.3.3). This necessarily results in a deformed configuration that comes
further forward horizontally in the flow direction at the upper support ropes. Direct
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contact between the overflowing water and the net can thereby largely be avoided and
consequently corrosion can be prevented.

Form finding in this field ultimately consists in weighing up, in engineering terms,
which deformation is needed for uniform load transference in the system and to what
extent this shaping can be realized from the geometric conditions on site to take into
account at the same time the structural aspects of durability.
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7.4 Interpretation

7.4.1 FARO for Simulating Debris-flow Barriers

The simulations of the ring net barrier with the finite-element program FARO show satis-
factory results on the structural side of the structure. The component-specific calibration
of the individual elements from rockfalls also prove advantageous when used for the calcu-
lation of debris-flow barriers. The choice of model generation with individual node loads
to verify the pressure step model meant that rope loads could be calculated in the sim-
ulations with less than 20% deviation from the measured loads of the field barriers. The
deformations of the structure during the filling process seem plausible and coincide with
the observations from the analyzed video recording.
The static loads can likewise be reproduced in a satisfactory manner by a dynamic cal-
culation with an increase up to maximum load and a subsequent constant load level.

7.4.2 CARAT for Form-finding Analysis of Debris-flow Barriers

In the process of designing the flexible barriers, it is important that the shape is made
feasible even at the early stage of selecting the boundary conditions, such as anchor points
and preliminary tension of the ropes and ring net. Therefore, a form-finding analysis with
CARAT is carried out in addition to the structural calculation with FARO. In the pro-
cess, a simplified model of the ring net barrier is created with membrane elements and
the equilibrium form obtained is studied for feasibility and practicability.
The aspect of structural design was supplemented by a back-of-envelope engineering cal-
culation for the necessary installation lengths of the support ropes and the necessary cuts
of the ring net.

Owing to the simplified model of the ring net barrier in CARAT by means of membrane
elements that reproduce the ring net and duplicate support rope routing at the top and
bottom and fixed borders at the side, it was not possible to simulate the occurring loads
exactly. To do this, specific calibration calculations would first have to be carried out to
simulate the structure-specific components, as was the case with the calibration of the
FARO software. For realistic modeling, specific adaptations would have to be made in
CARAT, e.g. for rings, support rope brakes etc., which would in principle be possible in
future. The first step was basically a calibration of the membrane element with the static
values of the ring net tensioned in the test stand in order to obtain a rough estimation of
the necessary material parameters for the element.

7.4.3 Comparison of Both Procedures and Outlook

In the structural calculation with FARO, a non-linear, dynamic calculation was used
to directly calculate the occurrent load distribution of the barrier. The non-linear
analysis changes the undeformed ring net barrier of the initial configuration into the
deformed state, the current configuration (see Fig. 7.35). This required an existing,
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precise specification of the individual support components and their material laws. The
force distribution in the whole load-bearing system is reproduced satisfactorily up to
20% deviation on the safe side. The resulting maximum deformations also deviate by
approximately 20% from the field measurements and are likewise overestimated.
The form-finding calculation with CARAT changes the undeformed barrier of the initial
configuration into the equilibrium state, the current configuration from the form-finding
calculation, by applying an internal preliminary tension and by means of the effective
load of the debris flow (see Fig. 7.35). In reality, the utilization of the ring net can be used
as a reference point for the intended stress state of the membrane elements. No material
laws on the structural side are needed for this. As a result, all non-linear deformations,
such as the plastification of the rings and the elongation of the brakes, can be disregarded.
Only the ”quick back-of-envelope equilibrium form” for the specified stress state (degree
of utilization) of the barrier is sought and in the process an approximate calculation of
the deformations produced is carried out.
In the next step, the equilibrium configuration can then be used to draw conclusions
about the necessary cuts and installation lengths of the ring net and support ropes to
obtain an estimation of the relevant installation sizes as early as the planning phase.

Form finding analysis 
with CARAT

Initial configuration CARAT 

loaded by debris pressure
Equilibrium configuration CARAT

("ideal shape" for pre-defined stresses)

Dynamic, non-linear 
simulation with FARO

Current configuration FARO (detailed 

degree of utilization of components)

Initial configuration FARO 

loaded by debris pressure

Figure 7.35: Configurations for form finding and structural analysis of the calculations with
CARAT and FARO.

The advantages and disadvantages of both simulation programs can be seen in their cal-
culations. The slightly too large maximum deformations with the FARO software can
be improved by further calibrations with area load experiments, and the missing compo-
nents for simulating the ring net barriers in CARAT can be added accordingly by means
of approximate models. In addition, form-finding considerations for support structures
protruding from the plane would be conceivable as early as the initial configuration.
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8 Debris-flow Barrier Design Example

In chapter 6, the historical approaches to designing debris-flow barriers were outlined and
a new load model was developed from the previously acquired findings from field and lab-
oratory tests. This model based on pressure surges (see section 6.3) is now implemented
in an example of use.
First, the parameters relevant for the implementation are defined and estimated and the
necessary topographic conditions for erecting a ring net barrier are included in the choice
of location. A section on the subject of ”corrosion” also provides possibilities for solving
this problem.
The basic procedure for determining decisive safety factors, to be carried out for a compre-
hensive series of measured debris-flow load data gathered over a long period, is described
below. Because there is not yet sufficient measurement data for this work, the recom-
mended safety factors from building insurance [60] are used, although these should be
classed as critical for the problem of debris-flow load on ring net barriers, from the view-
point of risk and safety experts1. However, the circle of practitioners and engineers who
are the users must be provided with some sort of guidelines for a design concept, because
the implementation of the nets in practice has already begun (see section 2.4.3 and 2.4.2),
and moreover the safety factors in the guidelines from cantonal insurers are on the side
of caution.
A critical assessment of the limits of use of flexible ring net barriers forms the conclusion
of this chapter.

8.1 Topographic Conditions and Choice of Location

In principle, any debris-flow channel or mountain torrent is suitable for the installation
of flexible ring net barriers, as long as its width is less than 25m and appropriate bank
slopes are present for anchoring the load-bearing system. It must be considered as early
as the planning stage where the most favorable location for the respective structure is,
because the area of application of the barriers depends decisively on this.

• Use as an available retention volume In this case, an installation of the barrier
or a number of barriers in the catchment area or directly below already known slides
and instabilities is recommended, since only this can prevent even more material
being mobilized along the channel during the flow process (see implementation in
Brienz and Hasliberg, section 2.4).

• Use in the filled state as a barrier or bed stabilization In this case, the struc-

1Personal communication with Dr. Jochen Köhler, Department of Risk and Safety, ETH Zurich
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tures should be sited where the greatest energy loss can be achieved or where energy
is to be removed from the flow process of the debris flow or from the flood discharge.
If there is a series of structures, the spacing between the barriers must also be consid-
ered, so that the desired hydraulic jump formation and thus the energy-dissipation
process takes place (see section 3.4.2). Guide values for the barrier spacing l in an
echelon of barriers are specified as l > 10m or as twice the scour length lk [11, 8].

Other points that are relevant for choosing the location of barriers are:

• Accessibility If the barrier is planned as a debris-flow retention space, good ac-
cessibility must be ensured for any emptying necessary. If possible, an access road
should be provided above the structure, so that the barrier does not have to be
opened, as is the case with access from below (see section 3.2.5). The routes to
the respective landfill site should ideally be passable with trucks and have a short
distance.

• Winglet stability The structure should generally be planned for where the bank
slopes capable of bearing the most load are. The necessary anchor length and num-
ber of anchors can then be minimized. In general, temporary deposition regions,
which mostly consist of ground that can bear little load and is very susceptible to
weathering, should be avoided.

• Channel slope The gentler the slope of the channel at the location of the barrier,
the greater the retention volume. In addition, the debris flow flows more slowly in
sections of more gradual inclines, as a result of which the occurrent loads on the
structure become smaller.

• Channel cross section The cross-section width at the location of the barrier
should not exceed 25m, because ring net barriers are not suitable for a larger span
owing to the load-bearing system (see section 8.7.2). In addition, the bank heights
at the cross-sectional profile should be at least as high as the planned barrier height
in order to be able to anchor the upper support ropes. It is of course better if the
upper edges of the bank slopes are much higher than the planned upper edge of the
net, in order to prevent the debris flow bursting its banks and overflowing.

• Composition of the channel bottom A solid stream bottom consisting of a
rocky substrate would also be advantageous, since the basal opening can then be
adapted reliably to the discharge depth of the decisive flood discharge without the
bed being washed out under the barrier and the basal opening being undesirably
widened (see section 4.3.3).

• Avoidance of avalanche chutes Avalanche chutes should generally be avoided
when selecting the location, because the pressures of impacting avalanches are too
great for the load-bearing system of a ring net barrier.
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8.2 Input Data

To calculate the occurrent load, the following debris-flow parameters are of critical im-
portance:

• Density ρ

• Maximum front velocity u

• Flow depth hfl

• Dry density ρs, angle of internal friction φ′ (only for precise calculation of ”overflow”
loading condition)

If individual variables for the dimensioning are not directly known, a useful approximation
is made by an engineering evaluation or by empirical approaches.
The following variables are geometrically relevant for the barrier to be planned:

• Decisive debris-flow volume or volume of a debris-flow surge V

• Planned retention volume of barrier Vr

• Channel slope Is

• Average channel width b at barrier location

For empirical estimation of the occurrent velocities, the maximum possible discharges
Qmax during a debris-flow event must first be estimated. Two approaches according to
Mizuyama et. al [70] are used for this: one approach for muddy debris flows and one for
granular debris flows

Qmud = 0.0188V 0.79 (8.1)

Qgranular = 0.135V 0.78 (8.2)

where V is the decisive debris-flow volume. For further approaches to calculating the
discharge of debris flows, see [89].
The velocity development of debris flows is estimated with

u = 2.1Q0.34I0.2s (8.3)

according to Rickenmann [81] or based on the flow approach of Manning-Strickler [77] to
give

u =
1

n
h
2/3
fl I

0.5
s (8.4)

where n = 5.5 − 10 is the Strickler value depending on the channel roughness. There
are further approaches to estimating the flow velocity, which are presented and compared
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with each other in [89]. For the dimensioning of the barriers, the two above calculation
methods are sufficient to determine the velocity, because they cover most events with
adequate reliability (see [89]).

8.3 Design Concept

A safety concept is generally used to ensure the stability of a structure in the context of
load-bearing ability, fitness for purpose, and durability. This safety concept purely
formally mentions limit states, the exceeding of which means that the specified require-
ments are no longer met. With regard to the ring net barriers, therefore, the following
documentation should be provided in the limit state of load-bearing ability:

• State of failure of support ropes and brakes owing to excessive tensile and transverse
force effects

• Breakage of ring net as a result of excessive loads

• Breakage of anchors or flex heads (cross section failure)

• Failure of anchors on pulling out (shaft friction).

The limit state of fitness for purpose comprises the following criteria:

• Documentation of maximum deformations (form-finding analysis)

• Remaining height (necessary retention volume)

and in the case of an event to ensure the retention function

• Necessary emptying (if desired)

• Necessary repairs (brake replacement, replacement of damaged support ropes).

Durability includes the following points:

• Correct structural design and shaping to avoid corrosion and abrasion (see sec-
tion 7.3.6)

• Corrosion protection of the structure generally (for any cross section impact, see
section 8.4)

• Erosion of foundations and anchors.

For conventional issues of impact and resistance in construction, safety sub-factors are
defined in the new safety concept for the loading (impact) γF and for the capacity to
withstand loads (resistance) γR on the basis of probabilistic methods (see new DIN 1055-
100 [27], DIN 1045 [26], DIN 18800 [32], SIA 260 [91], SIA 261 [93]). In contrast to this,
previous standards had only one global safety factor that covers both sides (e.g. 1045-1
edition 7.88, DIN 18800-1 edition 3.83).
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8.3.1 Distinction from Existing Standards

Because the safety factors of the above standards relate to specific, problem-related studies
such as the probability of a building failing under the effect of wind and snow, they are not
transferable to the subject of debris-flow barriers. Specific safety factors must be derived
precisely for the problem of ring net barriers under debris-flow load. The probability of
failure used here results from an optimization of the incurred costs of the measure and the
extent of the damage reduced thereby. This produces the question of a cost-benefit anal-
ysis (see also section 8.6.8). Although a smaller probability of breakage can be achieved
with a greater number or greater dimensions of nets, this also results in much higher costs
for the building measures.
In previous planning processes (e.g. Hasliberg and Brienz in section 2.4.3 and 2.4.2) the
number of nets was determined from the predicted debris-flow volumes of a specified
recurrence interval. The volume reduction of the debris-flow event with protective mea-
sures means that the occurring damage potential is reduced correspondingly (see also
section 8.6.8).

In SIA 261/1 (see section 6.1.7), debris flows are always referred to as extraordinary loads
on a structure. A debris flow generally acts as a temporary load. Whether it is declared an
extraordinary or normal impact depends on the probability of occurrence of the loading
condition. Because a debris-flow protection structure has a greater probability of being
loaded by a debris flow during its service life, a debris flow cannot be an extraordinary
loading condition, because DIN 1055-9 specifies an annual probability of occurrence of
p = 10−4 for this [28], which corresponds to the probability of a debris flow occurring
every 10, 000 years. In SIA 261, the extraordinary loading condition is only described
with a low probability of occurrence and no concrete values are given for the probability
of occurrence [92].
In Table 6.1 (taken from [60]), based on the SIA, debris flows with short recurrence periods
(1 − 30 years) are declared a normal impact and those with longer recurrence intervals
(> 30 years) are declared an extraordinary impact.

The recurrence period or frequency of occurrence is always an important influencing vari-
able for the basis of a safety concept. The occurrent intensities of the load are also signif-
icant.
SIA 261/1 [93] subdivides debris flows into medium and strong intensities (see sec-
tion 6.1.7). The SIA is also based on hazard maps, which classify debris flows into the
following levels of hazard: Considerable risk, moderate risk, low risk, residual risk and no
risk. These hazard maps also include the recurrence period, which is subdivided into 30,
100 and 300 years.
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8.3.2 Intensity

The basic procedure for creating a safety concept for debris-flow loads on ring net barriers
is presented below.
The pressure exerted on a barrier by a debris flow is influenced by the following input
parameters and the associated uncertainties:

• Density of debris-flow material This can only be estimated as an average value.
The density also influences the decisive pressure coefficient cd, which is greater for
granular debris flows than for muddy ones.

• Flow depth hfl This is assigned as a characteristic value to a certain quantile. The
quantile depends on the recurrence period.

• Impact velocity This is estimated from the average front velocity and is likewise
defined as a quantile value depending on the recurrence period.

The statistical variability of the above parameters requires a stochastic description of
the debris-flow load acting on the barrier. The individual influencing factors can all be
described by certain distribution functions (e.g. normal, log-normal, Weibull distribution
etc.), which are superimposed when the debris-flow load is calculated. This then yields a
new distribution function, which describes the frequency of occurrence of certain debris-
flow loads (density distribution). These can also be derived directly from the maximum
debris-flow loads over a certain time series given a sufficient amount of measurement data
and statistically checked accordingly [52]. Because only the extreme events are decisive
for the design, the debris-flow load distribution can be described over an extreme value
distribution, e.g. Weibull, Gumbel or Fréchet distribution [38] (see Fig. 8.1).

8.3.3 Probability of Occurrence

In addition to the occurrent intensity, the expected frequency of the events over time is
relevant. This time-dependent component is usually acquired with a power law (Pareto)
distribution for flood distributions, rockfall events and slides [97, 96]: P = a · f−b. This
distribution is an approximation of the tail of the density function using a power law.
Therefore, it only reproduces the frequencies of extreme events in the right-hand area of
the density function (see Fig. 8.1). Parameters a and b are defined according to the profile
of the debris-flow load distribution.

The density function of debris-flow loads can be used to define the characteristic debris-
flow loads for certain specified quantile values. If longer recurrence periods and also greater
expected intensities are included, the distribution shifts correspondingly to the right, so
for example the 95% quantile value of the 1-year event ultimately corresponds to the 50%
quantile value of the 50-year event.
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Yearlong series of 
measurements 

50% quantile   
Recurrence every 
50 years 

Frequency 

Debris-flow load per flow height 
[kN/m] 

95% quantile 

e.g. Gumbel 
distribution 

Power Law: P=a f-b 

Figure 8.1: Example of a density function of debris-flow loads and their distribution for longer
debris-flow recurrence intervals.

8.3.4 Probability of Failure

Based on DIN 1055-9 [28] for extraordinary loads, debris flows can also be described us-
ing risk scenarios. The scope of the studies depends on the consequences to be expected.
These consequences should be estimated taking into account the risk to people, the en-
vironmental consequences and the economic damage to society. A division into hazard
categories, which are listed in Table 8.1, is also conceivable. The damage potential affects
the decisive probability of failure that is accepted in a safety concept. Proceeding from
typical probabilities of failure in construction of between pf = 10−3 − 10−6 [58], these are
assigned to the damage potential as follows: For a significant risk to human life in hazard
category 3, pf = 10−6 is presumed, pf = 10−5 for hazard category 2, and finally pf = 10−3

for hazard category 1.
The accepted probabilities of failure for debris-flow protective structures are taken
from [98], these also being guided by the DIN standards (e.g. DIN 1055-100 [27]) for
the structural engineering of buildings. The accepted probability of failure is ultimately
an optimization problem of the costs incurred by the measure and the damage reduction
produced (see section 8.6.8). Alternatively, according to [78], the accepted risk of failure
is produced from the costs of reducing the risk, ethical principles and comparison with
further risks. This boundary must therefore be located and defined accordingly for debris-
flow protection structures, which should be understood as a prompt for further work in
the field of natural hazard management.

The probability of failure of a structure in structural engineering is calculated with the
probabilistic approach (frequency distributions with average value and standard devia-
tions) from the difference between the resistance distribution R and the impact side S
according to Figure 8.2 to yield

pf = P (R− S < 0) = P (M < 0). (8.5)
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Table 8.1: Possible hazard categories of the safety concept, target values of the probabilities of
failure pf and their reliability index β.

Hazard Hazard potential pf β
category

1 Low risk to human life
10−3 3.09Slight economic consequences

e.g. to woodland, alluvial land, arable land and pasture land

2 Moderate risk to human life
10−5 4.26Considerable economic consequences

e.g. settlement, rail line in the vicinity

3 High risk to human life
10−6 4.75Serious economic consequences

e.g. settlements, roads, industry in direct vicinity

Resistance R

Impact S

Safety margin M
R-S

PDF

Probability of 
failure

Figure 8.2: Probability density function of impact S, resistance R and safety margin (limit
state function) M according to [84].

If necessary, R can be approximated for the lower support ropes according to the Prob-
abilistic Model Code Part 3 [58] for construction steel in a log-normal manner with a
variation coefficient of 0.07. However, it is still to be checked whether this distribution
assumption applies to high-tensile cable ropes. From the rope equation, a limit impact is
back-calculated from the minimum breaking force of 400kN (see Table 3.1) for a Geobinex
rope according to the predefined span. The impact S is then subtracted from this limit
impact, or, from stochastic calculation rules, the safety margin M is produced from the
product of both density functions, the impact S, and the resistance R. M is also referred
to as a limit state function, which has only two ranges: M > 0 describes the safe range,
M < 0 describes the unsafe range (failure). The probability of failure pf is the area under
M < 0, where

pf =

∫
M<0

M(x)dx. (8.6)

This integral is often only solvable numerically, depending on the density function S and
R. In relation to the service life n of the structure, pf yields

pf (n) = 1− (1− pf )
n. (8.7)
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The reliability index β is defined as a measure of safety [84]. This depends on the distri-
bution of the limit state function by pf = Φ−1(−β). For a normal distribution of M , the
target values of β are given in Table 8.1 for the specified probabilities of failure pf . The
necessary safety factors on the material and impact sides for the corresponding impact
combination (in this case debris-flow load and dead load of the ring net barrier) can be
derived from this reliability index. The safety factors ultimately determine the precise
position of the impact density function and the resistance density function in relation to
each other and therefore the overlap region (failure).

If the probability of occurrence and intensity as well as the hazard potential and the
associated accepted probability of failure under the structure are taken into account, the
safety parameters according to Table 8.2 can be recommended.

Table 8.2: Safety factor γF on the impact side taking into account the probability of occurrence
and the expected damage potential, based on cantonal building insurance [60]

        Recurrence 
             period 
Hazard 
category 

 
1 - 30 years 

 
30 - 100 years 

 
Over 100 

years 

 
 
1 

 
1.0 

 
1.0 

 
1.0 

 
 
2 

 
1.3 

 
1.3 

 
1.2 

 
 
3 

 
1.5 

 
1.3 

 
1.2 

Smaller safety parameters are produced for smaller probabilities of occurrence or larger
underlying debris-flow loads, and correspondingly larger safety parameters are produced
for lower accepted risks. The magnitude of the selected parameters was specified based on
SIA 261/1 [93] and cantonal building insurance [60], where debris flows are divided into
two intensity classes (see section 6.1.7). The medium intensity for debris flows (hfl < 1m
and u < 1m/s) is generally very quickly exceeded, which is demonstrated by the values
measured in the Illgraben (see Table 4.1). With the classification according to SIA 261/1,
therefore, the intensity will mostly be high for a protective measure with ring net barriers.
A simpler protective measure is sufficient and more cost-effective for medium intensity.
Because it has not been possible to carry out a detailed risk analysis for ring nets un-
der debris-flow impact, these values should be regarded only as a recommendation and
reference point for engineers in practice. The recommended safety parameters from the
cantonal building insurance are rather on the safe side for property protection guidelines,
although they were not explicitly determined for the use of ring net barriers under debris-
flow load.
On the resistance side of the high-tensile support ropes, the safety factor γR = 1.35 from
avalanche protection [15] could be used. However, this was likewise not determined in
an explicitly probabilistic manner for the problem of high-tensile support ropes under
debris-flow load.
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The suggested safety factors were not derived based on a risk-based analysis for the
problem of ring net barriers under debris-flow loads. Such an analysis should be carried
out in the future on the basis of concrete measured values (see section 9.2)2.

The assessment of the decisive safety concept in this paper does not yet include an eval-
uation of the quality of the input parameters for determining the debris-flow loads. How
certainly can these parameters be specified to obtain meaningful values? It would be
conceivable to take account of this uncertainty in the parameters with an addition or re-
duction. This would mean that a reduction of the safety factor by 0.9 ·γF could be carried
out if input parameters were good owing to long-term observation of the debris flows in
the field. If knowledge of the parameters were rather poor, it would be conceivable to
increase γF by the value 1.1 · γF .
A reduction of the safety factor in the case of a series of barriers in the streambed is likewise
conceivable. If e.g. the first structure acts as a debris-flow breaker and is dimensioned for
the maximum loading condition (”overload condition”), a safety factor of γF = 1.0 makes
sense. However, this is also produced based on the hazard category, since the hazard
potential does not lie directly below the barrier for the first structure of a series (hazard
category 1, γF = 1.0).

8.4 Corrosion Protection

From a visual standpoint, the aspect of corrosion should rather be placed on the side of
durability, as long as no reduction in load-bearing capacity occurs as a result of excessive
cross-sectional thinning. To ensure stability, it is proposed that the effect of corrosion
be taken into account generally by means of an increase in the necessary design cross
section. This means that corrosion on the barriers is in principle allowed and possible,
since a certain sacrifice in cross section has been calculated for this purpose. Although in
purely visual terms it does not look nice when steel on a protective structure corrodes, this
procedure of cross-sectional sacrifice is also used for steel avalanche protection structures.
An addition to the cross section depending on the expected service life of the protective
structure would also be conceivable. Table 8.3 shows the additions divided into envi-
ronmental conditions. Structures in the filled state, which serve for bed stabilization in
the channel, are assigned to direct impact. Protective structures that act as an available
retention space above the water surface are assigned to indirect impact. In addition, com-
ponents that are directly exposed to the abrasive effect of overflowing water, such as the
abrasion protection system, should always be classified as directly affected.

The percentage increases owing to corrosion losses have been estimated. Field tests with
steel cross sections in debris-flow channels under long-term observation are necessary to
enable precise statements on wear rates resulting from corrosion.
As part of this project, abrasion tests were carried out to study the abrasion behavior
of zinc coatings. To this end, different galvanized steel cross sections were mounted on a
barrier in the Illgraben, over which debris flows directly flowed (see Fig. 8.3, left). After

2Personal communication with Dr. Jochen Köhler, Department of Risk and Safety, ETH Zurich
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Table 8.3: Cross-sectional increases to ensure load-bearing ability in corrosive environments.

Impact Service life [years] Cross-sectional increase [%]

direct 1

10 5
15 10
20 15

indirect 2

10 0
15 5
20 10

1 Abrasive effect and water impact directly present
2 No direct water impact

only three large debris flows (total volume ≈ 135, 000m3), rust was visible on steel profiles,
because the zinc layer had decreased by 75% (see Fig. 8.3, right).

Figure 8.3: Galvanized steel profiles on barrier 28 in the Illgraben after the first debris flow
(left) and baseplate of a post after three debris flows (right).

Zinc-coating of the steel parts of filled ring net barriers that are directly in the channel is
not absolutely necessary for this reason. A suitable alternative coating that uncondition-
ally withstands the abrasive behavior of sediment water and debris flows has not yet been
developed. An alternative to coatings would be to use stainless steel or corten steel to
make certain components that are directly exposed to the abrasive wear and overflowing
of sediment-rich water. However, this is then also a question of cost.
A further option includes shaping the barrier during the planning stage such that over-
flowing water cannot directly affect the load-bearing components (ring net, ropes) (see
section 7.3.6).
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8.5 Course of the Design Process

The flow chart for the design of flexible ring net barriers is shown in Figure 8.4. It shows
the procedure for dealing with the decisive loading condition of debris flow on the left and
the other loading conditions on the right. This flow chart should be followed step by step
when dimensioning flexible barriers and is implemented in the following section using a
sample calculation.

Granular  

(ρ = 2000-2300 kg/m3) 

 Cd= 2.0 

Select barrier site according to 
topographic conditions 

Specify parameters 

 V, Vr, ρ, u, hfl, ρs, γ' 

Specify safety concept 

Frequency, hazard category, quality of 
parameters, number of structures 

Specify barrier geometry 

hb, bo, bu, bm, hd, support structure 

Design with pressure surges 

Number of surges hb/hfl

Muddy  

(ρ = 1600-1900 kg/m3) 

 Cd= 0.7-1.0 

Dimensioning 
Number of support 
ropes, brakes, 
anchors, nets 

System feasible 

• Number of ropes OK

• Anchoring possible

Retention volume Vr  satisfied 

 Construction of barrier

Check fitness for purpose 

• Form finding (max. deformations,

corrosion protection, remaining barrier height hb')

• Corrosion protection (cross-sectional load?)

Specify different geometry 

OK 

OK 

Definitive debris-flow load 

Specify different location 

not 

not 

O
K 

O
K 

Other decisive loads: Snow slides, avalanches, 

earth pressure, single impacts

Definitive load qk(t) on flexible, permeable structure: 
γR, γF,  qd(t)  (with safety factor) 

Numerical 
simulation 
(e.g. FARO)   

Figure 8.4: Procedure for designing flexible ring net barriers for debris-flow retention.
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8.6 Use of Design Procedure for an Example Barrier

8.6.1 Topographic and Geological Situation

The design example describes a barrier that is planned as a part-measure of a barrier
series of several nets in the Hasliberg area Gummen. The recurrence period of the debris
flows in the Louwenenbach is 10-15 years. The average channel slope in the Louwenenbach
is about 30◦.
The barriers are installed in the catchment area to retain already mobilized material
before it mobilizes further material during the flow process. The location for all the nets
must be selected such that as many points from section 8.1 as possible apply, and also
such that the retention volume of the nets is maximal.
To demonstrate all relevant loading conditions, the example barrier stands at an angle of
≈ 10◦ to the inflowing direction of an expected avalanche with a recurrence interval of
10-15 years.

Avalanche 
track

Example barrier 

10°

Figure 8.5: Location of the example barrier below the avalanche slope (left) and schistous
material in the streambed of the Louwenenbach (right).

The bank slope material consists mainly of Alénien schist in beds running parallel to the
slope, which is particularly susceptible to weathering (see Fig. 8.5, right). Its weathering
debris consists of clayey, very silty/sandy fine to medium gravel with lots of stones and
boulders and at the same time forms the available debris-flow material. In the dry state,
the slope debris has a friction angle of φ′ = 25−28◦ with a low cohesion of c′ = 0−3kN/m2.
In the wet state, the angle of internal friction can quickly fall to below 15◦, as a result of
which the whole mass can be mobilized as a debris flow.
Precise knowledge of the ground material is also important in the dimensioning of the
anchor lengths, which must be confirmed by additional pull-out tests.

An access road and a landfill site are planned in the direct vicinity for the necessary
emptying and maintenance (see Fig. 2.15 in section 2.4.3). There are two landfill sites for
the whole retaining system of all the barriers, one at the start of the series and one at the
end, of 15, 000m3 and 25, 000m3.
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After the location has been decided and all the topographic conditions have been taken
into account, the input parameters necessary for the calculation are specified.

8.6.2 Louwenenbach Debris-flow Input Data

The 2005 debris flows in the Hasliberg area were classified as viscous mudflows [71]. The
following debris-flow characteristic data are used as the basis for the design example:

• Surge size V = 5000m3

• Debris-flow density ρ = 1600− 2200kg/m3

• Maximum discharge Qmax = 60− 100m3/s, overload condition Qmax = 150m3/s

• Debris-flow velocity u = 6− 9m/s

• Flow depths hfl = 1.5− 2.0m.

Therefore, all the debris-flow parameters relevant for the design are known; an estimation
or determination of missing parameters is not necessary. Moreover, for the design for the
loading condition of full accumulation of snow and loading by an avalanche, the following
parameters are provided by the responsible forestry office of the Canton of Bern on the
basis of the avalanche guidelines [15]:

• 10-year event with full snow accumulation with a snow thickness of 5m and a glide
factor of 2.4 yields an applicable snow pressure of 30kN/m.

• Applied avalanche pressure with perpendicular impact 120kN/m2 with a recurrence
interval of 10-15 years. A previous snow accumulation of 2.5m is assumed before
the avalanche impacts the barrier with an assumed flow depth of 2.5m at an acute
angle (10◦).

8.6.3 Safety Concept

Because a recurrence period of the expected debris-flow events was estimated to be 10-15
years and because the infrastructure to be protected lies some distance away (approx.
2 km below), a safety factor of γF = 1.3 would be necessary on the load side according
to Figure 8.2 for hazard category 2. However, because this is a barrier series with 13
protective nets and the sample calculation relates to one of the first barriers, the safety
factor is reduced to γF = 1.0, because several other structures are available for retention
in the event of damage. The safety factor on the material side γR is set to 1.05, the usual
value for steel according to SIA [94].

8.6.4 Calculation of Occurrent Debris-flow Loads

The pressure surge design concept proposed in section 6.3 is used. Because the debris
flows in the Hasliberg occur as viscous mudflows, the pressure factor cd for calculating the
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dynamic fraction is assumed to be cd = 1.0. For fast, watery mudflows, however, cd = 0.7
is set (see section 6.3.2). For the impacting surges, the following two loading conditions
are studied:

1. Fast-flowing mudflow at u = 9m/s but a low density of ρ = 1600kg/m3 and a low
flow depth of hfl = 1.5m (lower flow depth follows from condition of continuity)

2. Slow-flowing, thick, viscous mudflow at u = 6m/s,
ρ = 2200kg/m3 and max. flow depth hfl = 2.0m

To be on the safe side, no reduction in debris-flow energy owing to the multilevel structure
is taken into account. A system diagram of the planned barrier in the cross section of the
streambed is shown in Figure 8.6.

1714 m

1712 m

1710 m

10 m 20 m 30 m0 m

Upper support ropes, l=24 m

Middle support ropes, 
l=14 m

Retention ropes

hd=0.5m

                 l=8 m

Lower support ropes, 
      l=6 m

Figure 8.6: Cross section and system diagram of the example barrier.

The fill levels and load surges derived according to section 6.3 are considered. Although
there is a different distribution of load surges until the completely filled state compared
with the 2006 event in the Illgraben owing to the different flow depths, the procedure is the
same. The occurrent debris-flow loads are shown in Table 8.4 for both loading conditions.

The loads of the overflow loading condition have been calculated without reductions by
means of a transition state to active earth pressure (see section 6.3.4.5). The full hydro-
static debris-flow load acts on the barrier. The distribution of the load onto the individual
support ropes takes place via the collection areas of the ring net. Table 8.5 shows the ef-
fective decisive loads on the support ropes for the respective fill level (series of structures
→ γF = 1.0).

In each case, therefore, the loads of loading condition 1 are decisive for the lower and upper
support ropes and those of loading condition 2 are decisive for the middle support ropes.
These load values are used to carry out a FARO simulation for the dynamic design, which
is not described further in this design example (see section 7.1). It is no longer possible
to design the rope forces by means of the iterated rope line owing to the geometry of the
barrier with posts, because the rope has one bearing point on each post.
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Table 8.4: Debris-flow loads in the Louwenenbach according to section 6.3 for the individual
filling stages according to Figure 6.12 and 6.17

Condition Fhyd[kN/m] Fdyn[kN/m] Ftot[kN/m]

Loading condition 1
Level 1 8 91 99
Level 2 50 136 186 1

Level 3/completely filled 130 136 266 2

Overflowed 224 σ = 24, τ = 2.4 227 2

Loading condition 2
Level 1 44 158 202 1

Level 2/completely filled 223 198 421 2

Overflowed 351 σ = 44, τ = 4.4 355 2

1 Acts on middle and lower support ropes
2 Acts on all support ropes

Table 8.5: Decisive load of the support ropes for the respective fill level as a rated value
qd[kN/m].

Lower Middle Upper support ropes Condition

qd,max[kN/m] 106 - - Loading condition 1, level 1
qd,max[kN/m] 32 154 - Loading condition 1, level 2
qd,max[kN/m] 59 108 100 Loading condition 1, level 3
qd,max[kN/m] 121 179 58 Loading condition 2, overflowing

8.6.5 Calculation of Occurrent Snow Loads

The 2.5m-high snow accumulation results in a snow pressure of 10kN/m on the lower
part of the barrier (middle, lower support ropes). The remaining 2m of the barrier height
are loaded by the inflowing avalanche, which impacts the barrier at an angle of 10◦. The
decisive avalanche pressure is reduced to PLaw = 120kN/m2 · sin(10◦) ≈ 21kN/m2. This
affects the middle and upper support ropes and, at a flow depth of 2.5m, produces an
impacting load of 53kN/m.
The avalanche impact loading condition is not decisive owing to the impact angle of ≈ 10◦

and is covered by the debris-flow loading condition (see Table 8.5).

8.6.6 Design of the Barrier

The simulation in FARO with the occurrent debris-flow loads according to Table 8.5
produced the following number of Geobinex 22mm support ropes (see section 3.2.2.1):
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Table 8.6: Required number of support ropes (Geobinex 22mm) and their loading.

Number Load per rope[kN ]

Lower support ropes 3 150
Middle support ropes 3 200
Upper support ropes 3 175
Border ropes 2 (per side) 200
Retaining ropes 4 (per post) 200

A GN-9017 brake is arranged on both sides of each of the lower support ropes. The
arrangement on both sides was found to be practical from the field tests in the Illgraben
(see section 4.6.3). In the middle and upper support ropes, two of these brakes are
installed in series on each side to allow the barrier to deform correspondingly. The
retaining ropes each have one brake to prevent excessive give in the flow direction
(smaller retention volume). In general, the number of brakes is defined by the shape, and
the size of the brakes is defined by the occurrent load in the support rope and by the
general system stiffness.
An HEB 220 profile was selected for the two posts on the basis of a compressive force
of 600kN and a buckling length of sk = 4.5 · 1.5 = 7m. The mounting of the posts is
articulated at the post foot and is not assumed to be completely free (travel-limiting
spring) at the top owing to the upper support ropes running through and to the retention
of the retaining ropes, for which reason the factor for the buckling length of β = 2.0 is
reduced to β = 1.5.
A ring net with 19 windings and a mesh size of 30cm is selected (FARO simulation).
Owing to the required number of support ropes, 26 anchors are required in total (e.g.
Titan 40/16, permissible load 300kN with safety factor η = 1.75). The shaft friction
can be determined using the method according to Ostermayer [12], based on empirical
values. A cohesive ground (clay and silt, moderately plastic, semi-solid), with an assumed
force application length (corresponding approximately to the anchoring length) of 8m,
produces a shaft friction of τM ≈ 300kN/m2 (with subsequent grouting). From this, the
limit force Fcrit on pulling out can be calculated, with an anchor length l0 of ≈ 8m and
a diameter d of the Titan 40/16 of 40mm to give Fcrit = 8 · 0.04 · π · 300 ≈ 300kN . The
max. present tensile force per anchor is ≈ 200kN (see Table 8.6), resulting in a safety
of η = 300/200 = 1.5. The load-bearing capacity of the anchors must be checked with
additional pull-out tests (see section 3.2.2.4).

8.6.6.1 Dimensioning the Winglet Rope

The winglet rope was not explicitly taken into account in the FARO simulations and in the
design of the rope forces before, because only the occurrent load in the flow direction was
studied for the debris-flow loads. However, the winglet rope transfers the dead load of the
barrier mainly in a vertical line (catenary). To dimension it, the rope line of section 6.2.2
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is taken into consideration.
The dead load of the projecting barrier bulge is determined by the approximate solution
of Figure 7.3 and is transferred for simplification as a uniformly-distributed load to the
winglet rope. The remaining height is assumed to be h′

b = 3/4 · hb = 3/4 · 4 = 3m, the
maximum deflection of the barrier owing to the large span and the two brakes on each side
is assumed to be f = 3m, the density of the retained debris-flow material is assumed to be
2000kg/m3. This yields Fg = 0.5·g ·f ·h′

b ·bm ·ρ = 0.5·9.81·3·3·(25+6)/2·2000 = 1370kN .
This produces a uniform load of q = 1370/25 = 55kN/m on the winglet rope in the vertical
direction. A brake with a maximum elongation of lbr = 1m is assumed on each side. The
solution of the rope equation for these values produces a rope force of Frope,d = 1043kN
(see section 6.2.2). Three support ropes are therefore necessary for a minimum breaking
load of ≈ 400kN (see section 3.2.2.1, Table 3.1).

8.6.6.2 Study of an Individual Impact

The individual impact of a block directly onto a support rope is decisive, because there
is already evidence for the impact onto the ring net from rockfall barriers [45, 103]. If a
block of mass m directly impacts a support rope at velocity u, all the kinetic energy of the
block is converted into rope strain energy [83]. In addition, some of the energy is absorbed
by the brakes, which is difficult to quantify. The rope strain energy can be determined to
be

Epot,rope =
1

2
k∆L2 (8.8)

where k = EA/L is the spring constant of the rope (elastic component) and ∆L is the
elastic strain of the rope (equation 6.24) for a rope length L. If the rope spring constant
k is replaced with Hooke’s law k = Frope/∆L and the rope strain energy is also equated
with the kinetic energy, the rope force during an individual impact can be calculated to
give

Frope =

√
mu2EA

L
(8.9)

with the simplification that the same spring constant k prevails over the rope length and
the absorption energy of the brakes is disregarded.
In the design example, if one assumes a block of mass m = 500kg, which impacts
the lower support rope at a debris-flow velocity of u = 9m/s, the rope force Frope =√

500·92·1.28·1011·2.56·10−4

6
= 470kN with an assumed modulus of elasticity of the support rope

of Erope = 1.28·1011 N/m2 (see section 6.2.2) and a nominal cross section A = 2.56·10−4m2

(see Table 3.1). Because there are three lower support ropes, the occurrent impact load
is divided by three to give a load peak of 170kN per support rope and can therefore be
accepted.

8.6.7 Determining the Retention Volume

The rope routing in Figure 8.6 produces a barrier height hb = 4m and thereby h′
b =

3/4·hb ≈ 3m, the width bo = 24.0m and bu = 6.0m with a channel slope of Θ ≈ 30◦ = 57%,
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which yields a siltation gradient of Θ′ = 2/3 · Is ≈ 38% (see section 4.6.4). The angle ξ
between barrier and channel bottom is ξ ≈ 60◦. For gentle channels, ξ is usually 90◦.

θ 

hb 

hb' 

θ' 

θ - θ' 

VR 

ξ ≈ 60° 

hb┴' 

hb║' 

Figure 8.7: Retention volume behind a filled barrier.

The retained volume behind the planned barrier is then calculated, neglecting the volume
in the debris-flow bulge, to give

Vr = 0.5 · hb ⊥′ ·L · bm + hb ‖′ ·hb ⊥′ ·bm = 0.5 · h′2
b · bm · sin (ξ)

(
sin (ξ)

tan (Θ−Θ′)
+ cos (ξ)

)
= 32 · 15.5 · 0.5 · sin (60◦)

(
sin (60◦)

0.156
+ cos (60◦)

)
= 365m3

(8.10)

8.6.8 Cost-benefit Analysis of Planned Series of Barriers

The benefit of the measure taken is measured using the reduction in risk achieved
thereby [60]. To do this, the personal injury and damage to property prevented by the
measure must be estimated. For this model calculation, the cost of the whole barrier series
is singled out as part of the whole protection concept, although actually only the whole
protection concept is fully effective (see section 2.4.3).
Because protective measures have a limited service life, the predicted recurrence period,
which gives an average value for an unlimited time, cannot be used to calculate the proba-
bility of occurrence. According to [60], the occurrence within a limited period is calculated
with

P = 1− (1− 1/T )n (8.11)

where P is the probability of the debris flow exceeding the recurrence period T within the
service life n of the protective measure. In the case of the barrier series in the Hasliberg,
for example, P = 1 − (1 − 1/15)20 = 0.74 for a predicted service life of the ring net
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barriers of 20 years [39] and a recurrence period of 15 years. Periods of 30, 100, 300 years
are considered discrete recurrence periods but only act as an auxiliary construct.
The amounts of damage have been defined by Bern Highways Department using previous
empirical values from past flooding events; the values are shown in Table 8.7. The
values for the damage after the protective measure are produced from the effect of the
debris-flow nets, by which it is assumed that a previous 30-year event with the same
damage would only occur with a 100-year event. Also, a 30-year event would cause much
less damage of 10 million Swiss Francs owing to the nets. The reduction in damage is
then formed from the difference between in the damage without the measure and the
residual damage with the measure.

Table 8.7: Determination of the extent of damage R for the debris flows in the municipalities
of Hasliberg and Meiringen.

Recurrence period T 30 100 300

Previous extent of damage [CHF ] 65 million 69 million 73 million
Extent of damage afterwards [CHF ] 10 million 65 million 69 million

Reduction in damage Sm[CHF ] 55 million 4 million 4 million

Probability P 0.49 0.18 0.064
Probability ∆P 0.31 0.116 0.064
Benefit N [CHF ] 26.95 million 0.464 million 0.256 million
Benefit Nyear [CHF/year] 1.34 million 23, 200 12, 800
Extent of damage R [CHF/year] 1.34 million 1.37 million 1.38 million

For the occurrent probability of the event within the service life of the nets P , the average
value ∆Pi = Pi − Pi+1 is formed in each case, wherein the 300-year event, being the
greatest possible event, directly receives the probability of occurrence P . The occurrent
probabilities ∆Pi and the decisive reduction in damage can be used to calculate the benefit
of the measure as follows: Ni = ∆Pi · Sm,i. The benefit per year is then Nyear = Ni/20
for a 20-year service life of the nets. The actual extent of damage R is then in this case
calculated from the sum of all the annual benefits to give R =

∑
Ni,year.

Other methods, such as the Wilhelm or Borter methods (used by FOEN3 in cost-benefit
analyses) for calculating the occurrent extent of damage R are described in [80]. However,
these are not suitable for this specific case owing to the probability of occurrence during
the service life of the protective measure, which is why the procedure according to the
cantonal building insurance [60] was chosen instead.

Protection against a hundred-year flooding event should therefore incur costs no higher
than 1.37 million Swiss Francs per year. The installed protective nets can completely
retain a 15-year event at most and correspondingly minimize a 30-year event by partial
retention. The damage for the short recurrence periods can therefore be minimized.

3FOEN=Federal Office for the Environment
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8.6.8.1 Outlay for Protective Measures with Ring Net Barriers

The ring nets are only a part of the whole plan of measures for protecting the municipality
of Meiringen. Investment in protective nets is approx. 2.2 million Swiss Francs, with
the overall measures costing 15 million Swiss Francs [50]. Although only the protective
measures as a whole provide the protection, only the ring nets are considered here. Their
investment and running costs must now be converted into annual costs. The running costs
are incurred from the maintenance work to be carried out according to Table 8.8.

Table 8.8: Maintenance work on ring net barriers.

Interval Expected events Maintenance work
[years]

0.5 Local blockage of basal opening Inspection of channel
Local lateral slides Emptying of blockages (manually)
Local lateral entry of bedload Visual check of brakes

> 10 Debris-flow event of V < 5000m3 Local emptying of net by stream erosion
Mechanical clearance of net if necessary
Material transport to disposal area
Repair of nets

10− 15 Avalanche impact on net Replacement of brakes (in spring)

30− 100 Debris-flow event of V > 10, 000m3 Mechanical clearance of net
Material transport to disposal area
Significant repair work

The tasks from Table 8.8 are taken into account for a 10 − 30-year event. The costs for
more significant events are not included in this calculation. Converted into annual costs,
the running costs are approximately 30, 000 CHF [71].
If the 2.2 million Swiss Francs investment with a service life of 20 years and an interest
rate of 3% is converted into annual costs, with a capital recovery factor kw = 0.06722
according to [60], the annual costs are Kj = 0.06722 · 2, 200, 000 = 146, 784 CHF . The
total annual costs including maintenance work are therefore 176, 784 ≈ 177, 000 CHF .
They are therefore 7 times lower than the annual expected damage value of 1.37 million
Swiss Francs. The measure is thereby shown to be economical.

8.6.8.2 Comparison of Concrete Barrier and Ring Net Barrier Costs

In this section, a comparative calculation is carried out of the costs incurred for a concrete
barrier at the same location as the example barrier.
The construction of the ring net barrier, including transport costs, drilling and installa-
tion work, costs about 100, 000 CHF . This price is generally somewhat lower, because
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the construction involves a whole series of barriers and therefore the costs for setting up
a building site etc. are shared by several barriers. If it were a single structure of this size,
the total price would be about 110, 000 CHF . But the order of magnitude should suffice
for a model calculation.
A solid concrete barrier at this site with the same retention volume would have an ap-
proximate concrete volume of 4m · 15.5m · 1m = 62m3 excluding the foundation and dam
base. If a foundation of 1m width, 6m length and a thickness of ≈ 0.5m is added, this
yields 65m3 of concrete. The reinforcement content of such a concrete barrier is assumed
to be ≈ 100kg/m3. This produces approximate construction costs including formwork and
casting of approximately 200, 000 CHF . If the transport costs for the necessary helicopter
flights of ≈ 38, 000 CHF are also included, this adds up to approximately 238, 000 CHF
for the construction of a solid concrete barrier. The reinforcement estimations and con-
struction costs have been estimated using the previous construction costs of the shear
wall in the Illgraben (see section 4.2.1) and an assumed inflation rate of 5% (offer three
years old).
This yields a cost ratio of ring net barrier to solid concrete barrier of 110, 000/238, 000 =
0.46. This is approximately half the cost.
This ratio still depends indirectly on the location, because the transport costs for the
concrete barrier are much higher for inaccessible locations than when the structure can
be erected in the valley with good access conditions.
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8.7 Notes and Limits of Application

8.7.1 Accompanying Notes

The planning of the barriers must still be balanced with the hazard potential below the
structures in each individual case (see section 8.3). Most of all, the topographic conditions
in the mountain torrent must be suitable for erecting a ring net barrier, and the geometric
parameters such as location of the barrier, height of the structure, span, anchoring and
the planned retention volume must be specified carefully. Owing to the widely varying
boundary conditions in debris-flow channels and therefore the parameters that are some-
times very uncertain (density of debris flow, flow depth, flow velocities), the experience
of experts on site during planning is indispensable.
Erected barriers also require regular checking of the fill level and the general condition
of the barrier. In barriers that are used as a small vertical-drop effect in the streambed,
regular maintenance of the abrasion protection system and of the brakes (remaining brake
capacity) is required.

8.7.2 Limits of Application

The previous section has already referred to the suitability of the topographic conditions
in a mountain torrent for a ring net barrier. This point is also one of the most important
limits of application for the retention system. Spans of more than 25m are not practical
owing to the significant settling behavior of the barriers (hb = 3/4 · h′

b) and the resulting
constantly decreasing retention volume. The remaining barrier height h′

b for a span of
≈ 25m can be largely guaranteed by means of two additional posts as a UX system. For
even larger spans, further posts would be necessary, and then the load-bearing system
would at some point be exhausted owing to the large forces that must be transferred.
In principle, a quadruple support rope design could be constructed, but this would no
longer be feasible owing to the arrangement of the ropes at deflection points, and also it
would not be possible to shackle the ropes to the ring net.
The limiting geometric factor of the span also indirectly means a limit on the retention
volume. Ring net barriers are suitable for retaining volumes up to ≈ 1000− 1500m3. For
greater retention volumes, only a series of nets or consequently a solid concrete structure
are possible, with which a large retention volume can be created at once.
If the bank slope and winglet strengths in the channel are moderate owing to temporary
deposition material, the load-bearing system of a ring net barrier is not suitable because
anchoring in the embankment winglets is not possible. The risk that the barrier will fail
as a result of washed-out anchors is too great with instable embankment winglets. In
this case, a suitable retention space would be better created with a gravity wall, which
conducts its loads via the foundation into the channel floor as compression.
The developed load approach also demonstrates that at high flow velocities, very fast,
very high dynamic forces occur when a debris flow impacts a barrier structure and even
double in the case of granular fronts. If very high debris-flow velocities of more than
10− 12m/s are expected in very steep mountain torrents, the retention system of flexible
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ring net barriers is therefore not recommended, because the occurrent loads rapidly reach
a possible limit load for the load-bearing system. At the same time the question should
generally be asked whether a retaining structure is practical at all in an extremely steep
terrain, owing to the high dynamic forces during the filling process and to the small
retention volume, or whether the barrier structure would be better relocated to the
shallower runout zone. The ”permanently-filled barrier” as a small vertical-drop effect in
the steep streambed is the appropriate solution in this case. It may then be possible to
counteract the large dynamic loads by previous filling with soil aggregate.
The retention system of flexible ring net barriers for debris-flow protection is generally
suitable for small to medium debris flows with an expected surge volume of max.
V = 5000m3, low to moderate flow velocities of max. 10 − 12m/s and an expected
discharge of no more than 100m3/s. The planned retention space Vr can be ensured better
over several barriers in series than with one large barrier, which may reach the limit of
the expected retaining capacity owing to excessive settling behavior with large spans.
In general, an alternative solution should be considered for high expected debris-flow
energies.
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9.1 Summary

Adapting flexible ring net barriers, originally designed as rockfall-protection structures,
for debris-flow retention may prove to be an efficient alternative to conventional debris-
flow retention measures. The foundations of the load-bearing system of these barriers,
their further development, and design were optimized through field and laboratory tests.
The resulting load model was implemented using the simulation software FARO.
New insights into the debris-flow process were gained using different energy analyses,
advancing the general understanding of the interaction between debris flow and barrier.
The results will be summarized in short paragraphs below:

9.1.1 Debris-flow Process

Different energy analyses performed as part of field and laboratory tests confirm a new
theory regarding friction processes within debris flows. Friction parameters of debris flows
during the flow process cannot be regarded as material-dependent constants because they
are influenced by additional parameters, such as water content, rate of gravitational ac-
tivity, and flow velocity. The variable friction parameters could be demonstrated using
field and laboratory measurements.
The non-determinable variable, random energy, which is the result of partially-plastic im-
pacts of the grains among one another, plays an important role in the energy analyses of
debris flows. It is an additional internal contribution to losses due to frictional work. Its
contribution to the applicable law of friction is determined by the proportionality to the
rate of gravitational activity (see section 5.4.1.1).
A detailed analysis of the balance data demonstrated that the average velocity in a debris
flow is greater than the measured front velocity ufront. As a result, the rolling motion of
a granular front develops due to the large shear gradient. In the front, the floating, fast
material, often consisting of large blocks, gradually gets pushed underneath the slower-
flowing material closer to the ground. However, the average front velocity ufront continues
to be used for the dimensioning of the nets because it is the only one that can be measured
in practice.
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9.1.2 Load Model

A comprehensive compilation and comparison of historical approaches reveal large dis-
crepancies between the results of different debris-flow load calculations.
Due to the dearth of approaches to flexible barriers, a load model was developed based
on field and laboratory measurements. This model serves as a procedural method for the
design of flexible ring net barriers. It is based on easily-estimated parameters (density ρ,
flow depth hfl, and flow velocity u) and draws upon basic principles of physics, assum-
ing a hydrostatic pressure distribution and a suddenly-occurring change of momentum
during the stopping process of the debris flow (see section 6.3). Measurement data from
both portions were analyzed as part of individual experiments. To date, the flexibility of
the structure during the influx process has been explicitly considered only as part of the
subsequent simulation or by means of an approximate solution to the rope equation.

9.1.3 The Obstruction Side

A load-bearing system to efficiently dissipate the emerging loads toward the embankment
winglets was developed by means of comprehensive full-scale field tests, which used differ-
ent load-bearing systems on the barrier side. Structural details, such as protection from
abrasion and the winglet rope, were successfully refined and resolved. Questions concern-
ing the required mesh size M and the size of the basal opening hd could be answered
using field as well as scaled laboratory tests.
A succession of three barriers in Merdenson demonstrates the application as a multilevel
barrier to enlarge the retention space. In addition, these barriers illustrate a further area
of application: a permanent, small vertical drop in mountain torrents to allow for the
targeted protection of the dam base from further erosion and scouring.

9.1.4 Numerical Simulation

The implementation of the load approach in the simulation software FARO allows for
simple and time-saving dimensioning of the barriers in the future. The results of the
simulation were calibrated with data measured in the field. Furthermore, they confirm
the developed pressure-surge load model. With respect to specific aspects, such as the
dynamic force-displacement law of the brake elements, the scope of the software could
be broadened with the help of additional dynamic component tests based on the work
of [103, 45].
The use of a simplified model of the barrier as part of the form-finding analysis produces
good results for the desired maximum deformation of the barrier’s bulge of 1m. During
the subsequent calculation of the cut, the required number of brakes and rows of ring net
were determined for this equilibrium form. In the case of these flexible structures, however,
form finding should not solely serve the calculation of the maximum sagitta f . Rather,
it should already be included during the planning phase in order to achieve an accurate
structural design of the load-bearing system, which in turn would prevent corrosion and
achieve efficient load-bearing behavior.
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9.1.5 Design Concept

A design concept for dimensioning the barriers was proposed on the basis of SIA (Swiss
Society of Engineers and Architects) 260, 261 [92, 91], the GBV (Cantonal Building Insur-
ance) [60], as well as DIN standards 1055-9 and 1055-100 [28, 27] to guarantee maximum
security for present and future structures during the difficult-to-determine debris-flow
loading condition. A detailed, risk-based analysis of the debris-flow loading condition on
ring net barriers has not yet been performed due to the low amount of available field data.

All these individual elements made the development of this new method of using flexible
ring net barriers for the retention of debris flows possible. Their low weight and fast
installation have proven ring net barriers beneficial in alpine terrain. In addition, they are
a visually pleasing and ecologically justifiable alternative to concrete structures, especially
for small- to medium-sized debris flows (with surge volumes of up to 5000m3). As a result
of their implementation, people and infrastructure can be protected from the natural
hazard, debris flow, in a targeted manner, even in times of climate change. This in turn
would allow the settlement areas of alpine regions to be maintained to a reasonable extent.

9.2 Future Prospects

Potential users already began demonstrating great interest in the application of the new
protection concept, flexible barriers, while the project was ongoing. The goal of developing
a method for the design of debris-flow barriers was realized as part of the present work
by examining a variety of different subtopics.
However, new ideas leading to a refinement of the load approach, which in turn resulted
in a more efficient design, had already emerged during the realization of this project. In
addition, a number of other areas of application of these barriers are conceivable. These
applications are already being confirmed in a follow-up project examining the use of ring
nets for hillslope debris flows.

9.2.1 Loads

To date, the developed load approach has been validated for a recorded mudflow event.
It unfortunately was not possible to measure a granular debris-flow event prior to the
completion of this work. As a result, it was necessary to rely on data from past literature to
determine the pressure coefficient of the dynamic component of a granular debris flow [2].
This gap will have to be filled by means of further field tests using flexible ring net barriers
with built-in measuring cells.

Moreover, to date these field studies have only been conducted in two debris-flow channels
(Merdenson, Illgraben), and they have been extended by the use of additional materials
during the laboratory tests. For global application of this barrier system, additional ex-
periments in other debris-flow channels with different material compositions would be of
great benefit. These further results would allow for the assessment of the measurements’
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transferability and the better quantification of their material-dependent effects.

A pan-European standard procedure regarding debris-flow loads on protective structures
and a corresponding risk-based safety concept would be desirable, although it may not
be possible on a transnational level in the near future due to the differences between
the actual processes and material compositions. However, a risk-based analysis based on
different catchment areas and locations for protective structures within Switzerland may
be feasible in order to provide engineers and practical users substantiated guidelines for
handling debris-flow loads on protective structures.

An additional task is the refinement of special simulation programs, which specifically
describe the structural side of protective structures while simultaneously reproducing the
fluid (debris flow) with the requisite accuracy.
The present work describes a simulation tool (FARO), which models the structure with
quasi-static equivalent loads based on the developed design concept, and delivers plausible
results for the dimensioning of flexible ring net barriers. The next step would be the
coupling of both physical processes, i.e. the process occurring between the inflowing fluid
and the flexible ring net barrier (structural side) relative to an FSI1 calculation. All this,
for example, could be achieved by developing an interface between FARO, the tool used
for fluid and structure to date, and the newly developed flow code for debris flows in
RAMMS2.

To date, load-bearing systems have been projected and implemented primarily in the
plane. Further form-finding calculations with more complicated support structures pro-
truding from the plane and the curvature – possibly predetermined - of the ring net
barrier, could achieve additional retention space and a more efficient load transference.

9.2.2 Additional Areas of Application

If the barriers provide protection from debris flows, they are, in principle, also suitable for
the protection from hillslope debris flows. Very similar to debris flows in terms of process
(see section 2.1), hillslope debris flows exhibit, to some extent, significantly higher flow
speeds of up to 15m/s in steep terrain. Hillslope debris-flow triggers are not bound to
streambeds but can occur anywhere - in steep grass as well as woodlands -with slopes
steeper than 30◦. If the risk of hillslope debris-flow activity in a particular location is
predictable, for example due to previous landslides, a ring net barrier for the targeted
protection of structures is conceivable.

Ring net barriers also could possibly be used as snow-slide protection measures by situ-
ating them above the infrastructures they are intended to protect (see [108]). Due to the
significant forces that arise during avalanche events, the filigree load-bearing system prob-
ably will continue to be unsuitable in the future as a fully-fledged avalanche-protection
system.

1FSI = fluid-structure interaction
2RAMMS = Rapid Mass Movements
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Berücksichitigung der Massenbewegungsgefahren bei raumwirksamen Tätigkeiten,
1997.

[18] Caine, N.: The rainfall intensity - duration control of shallow landslides and debris
flows . Geografiska Annaler, Series A, 62:23–27, 1980.

[19] Cornforth, D.: Landslides in Practice. John Wiley and Sons, 1996.

[20] Coussot, P.: Les laves torrentielles - Connaissances à l’usage du practicien.
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arbeit Eidgenössische Technische Hochschule Zürich.
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List of symbols

Symbol Description Unit
A Channel width, i.e. flow width as a function of hfl(x) m2

α Deflection angle of a cable rope ◦

αm Material-dependent debris-flow load factor −
b Stream-channel width m
RBF Reduced breaking force of a support rope during deflection %
bm Average barrier width m
bo Barrier width at the upper support ropes m
bu Barrier width at the lower support ropes m
β Impact angle at which the debris flow strikes an obstacle ◦

c Cohesiveness of solid materials N
m2

cp Pressure coefficient of a dynamic debris-flow load −
cd Drag coefficient of an object in the flow path −
Cv Sediment concentration in a suspension sample −
Cs,DF Volumetric sediment concentration in a debris flow −
Cs,DC Proportion of a particular grain size within the grain-size distribu-

tion curve
−

d90 90% of the grain sizes are smaller than this value mm
dmax Maximum grain size in a debris-flow mixture mm
dring Ring diameter of the ring net m
dring,∅ Wire-bundle diameter of a single ring m
δ Wire diameter of a single wire in a strand mm
ηb Bingham viscosity Pas

η Dynamic viscosity , safety factor Pas

f Maximum deformation of the barrier in flow direction, force matrix m
Frope Rope force of a barrier support rope kN
g Gravitational constant m

s2

γ̇ Shear rate during viscosity measurements 1/s
hb Fill level of the barrier m
h′
b Height of the barrier following the filling process m

hd Height of the basal opening between the lowermost support rope
and the stream bed

m

hend Height of the barrier following several overflowing processes m
hfl Flow depth of the debris flow m
hfill Fill level of the barrier used primarily in the laboratory tests m
hn Normal water drainage m
himp Impounding pressure of the debris flow m
hw Theoretical impact level of the debris flow m
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List of Symbols

Symbol Description Unit
IR Inclination of the energy line in the open stream channel -
IS Inclination of the streambed in the open stream channel -
I ′S Inclination of the streambed behind a filled flexible barrier -
IW Inclination of the water surface in the open stream channel -
∆Iw Energy head dissipation during the hydraulic jump m
kf Permeability coefficient (permeability) m/s
km Stiffness modulus of the model barriers N/m
kn Stiffness modulus of the ring net used N/m

kst Strickler coefficient indicating channel roughness m1/3

s

l Distance between individual barriers of a multilevel barrier m
lbr Rope elongation due to the braking distance m
lk Length of scouring due to barrier overflow m
Lm Characteristic length in nature (prototype) m
Ln Characteristic length in the model m
Ls Model-scaling factor based on Ln/Lm −
LW Hydraulic-jump distance m
M Mesh size of the ring net m
µ Effective coefficient of friction -
µc Coulomb-friction (dry-friction) coefficient -
νs Concentration of solids with d > 0.05mm in the debris flow

(definition according to Iverson)
-

νf Liquid-phase fraction in the debris flow + particles with d <
0.05mm

-

p Fluid pressure N
m2

pp Pore-water pressure in the debris flow N
m2

∆P Dynamic debris-flow load increase N
m2

φ Angle of internal friction ◦

φ′ Effective angle of internal friction ◦

φbas Basal friction angle ◦

Q Average flow m3/s
Q′ Flow passing the net m3/s
Qnet Flow filling the net m3/s
q Specific flow m2/s
R Average hydraulic radius in the debris-flow channel m

ρ Density of the debris flow kg
m3

ρf Density of the liquid phase kg
m3

ρs Density of the solid phase kg
m3

σ Normal stress N
m2

τ Shear stress N
m2

τcrit Limiting shear stress during state of failure N
m2

timp Duration of impact on the barrier s
tsim Current barrier simulation time in FARO s
Θ Channel slope ◦

Θ′ Channel slope behind a filled barrier ◦
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List of Symbols

Symbol Description Unit
U Channel diameter of a torrent m
u Debris-flow velocity m

s

~u Debris-flow velocity vector m
s

ufront Average front velocity of the debris flow m
s

υ Kinematic viscosity m2/s
V Relevant volume of a debris-flow surge m3

Vr Available retention volume behind a flexible barrier m3

w Relative water content in the debris flow %
wr Relative water content in moist debris-flow material %
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