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Load model for designing flexible steel

barriers for debris flow mitigation

Corinna Wendeler, Axel Volkwein, Brian W. McArdell, and Perry
Bartelt

Abstract: Light-weight flexible steel net barriers catch coarse debris but let some of the fine
material and water pass through the net. They are difficult to design to withstand the impact
pressures of both boulder-laden granular and water-saturated debris flows. Using the results
from laboratory and full-scale field tests, we have developed a debris flow load model for
flexible barriers in torrent channels. The model accounts for the forces of initial impact as
well as the filling process discretized stepwise over time (barriers in the field and laboratory
fill continuously). Laboratory tests with fast debris flow front velocities revealed a run-up
behaviour that was not observed in the field (”’pile-up”). The load model divides the flow
forces into a hydrostatic component and a dynamic part depending on a pressure coefficient,
the flow velocity and the density of the flow. This dy namic part, which is more complex to
quantify, accounts for the wide-ranging debris flow characteristics from watery and muddy

debris floods to granular friction-dominated mass flows.

Key words: debris flows, load model, mitigation, protection, flexible barrier.

1. Introduction

An increasingly used measure to protect settlements and infrastructure from debris flow hazards is

to install retention nets near mountain torrents (DeNatale, 1999; Wendeler, 2008; Canelli et al., 2012;
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Bichler et al., 2012; Chan, 2012; Kwan et al., 2014; Albaba, 2015; Ashwood and Hungr, 2016). Net
structures as for examples shown Figure 1a,b offer hazard engineers — in terms of erection costs —
a cost-efficient alternative to rigid structures, such as concrete or gabion check-dams, and therefore
are of increasing interest to authorities. They stop and retain the solid material of debris flows to
prevent large-scale damage downstream. Figure 1c shows a possible structural arrangement of the
components of a flexible barrier. The steel net is spanned across the width of a riverbed using cables or
steel wire ropes (both terms are used interchangeably by practitioners) as e.g. described in the standard
DIN EN-12385 (2009). Additional so-called energy-absorbing elements provide a large deformation
capacity that significantly increases the rope elongation under load. This enables the ropes to adjust
their positions following the loads which in turn reduces the peak tensile forces in the ropes. In case a
flexible barrier is designed to be overtopped by debris flows a series of steel elements (with chain-like

connections) can be used to protect the top cable from abrasion.

The design of retention nets requires constructing light-weight (for efficient installation in steep
terrain e.g. using helicopter), flexible steel structures that can withstand even very large static and
dynamic loadings exerted by solid material consisting of debris, rocks and wood, travelling at speeds
between 0.8 and 7 m/s as measured by Badoux et al. (2009). This requires suitable dimensioning and
design procedures. Special attention has to be paid to the durability of the steel structures regarding
corrosion and the anchorages regarding river bank erosion. Further, net structures might suffer from

impacting debris-flows requiring some maintenance over their lifetime.

Engineering guidelines defining debris flow impact loads exist, for examples, in the Swiss building
insurance guidelines (Egli, 2005) or in other regulations such as CGS (2004) or NILIM (2007). But
these guidelines do not fully consider the impact on mitigation measures; rather they provide engineers
with methods to calculate debris flow impact pressures on buildings or obstacles. The impact force
usually depends on the flow velocity squared (Salm et al., 1990). In Rickenmann (2001) a first step
towards defining debris flow loads for flexible barriers is described. The design loads derived there
were based on theoretical considerations and the suggested loads depending on the mass of the event
and its momentum of inertia as well as velocity and the stopping time. It is an energy-conserving
approach and limits the structural deformations of the system. Some experimental verification was
presented to corroborate this design method. Hiibl and Holzinger (2003) concentrated on laboratory
experiments, without real-scale measurements for verification. They proposed scaling procedures for
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Fig. 1. a) Flexible debris flow barrier in Illgraben torrent (Switzerland; b) Flexible debris flow barrier in Illgraben
torrent (Switzerland after debris flow event from 18 May 2006; c) possible arrangement of structural components
of a flexible debris flow barrier (Volkwein, 2014) and its rough dimensions in Illgraben torrent.
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barriers in the field. Brighenti et al. (2013) also propose a load model on flexible barriers based on the
findings of Canelli et al. (2012). This load model has also been used for numerical simulations and was
evaluated in large scale experiments (Brighenti et al., 2015). Recently, also Choi et al. (2015) described

results from small scale chute experiments and the run-up mechanism of debris flow on rigid obstacles.
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Further experimentation on impact loads due to debris impacts in scale tests has been reported. Cui et al.
(1999) measured the pressure distribution over the height of an obstacle. Zanuttigh and Lamberti (2004)
described the forming of the typical debris flow surges. Hiibl et al. (2009) compare different loading
coefficients based on mid-scale tests in the field. Kwan et al. (2015) did a comprehensive analysis
of the expected loads based on numerical simulations, field observations and laboratory tests. Further
experimentation also using a centrifuge was reported in Ng et al. (2016a); Ng et al. (2016b). Ashwood
and Hungr (2016) also used laboratory experiments to develop and to evaluate a load model. Thorough
laboratory testing series with impact of small-scale debris flows onto rigid and flexible barriers recently
were reported in Chanut et al. (2010); Choi et al. (2015, 2017) and Faug et al. (2012). Koo et al. (2016)
compare their small-scale model with a field event. In Faug (2015) numerous test data are merged into
a common scaling law. Ng et al. (2017) evaluate the interaction of dual barrier systems with a serial

arrangement in the flow.

In this contribution, we propose a load model based on the doctoral dissertation Wendeler (2008)
(in German; see Wendeler (2016) for English translation) that allows engineers to define the debris
flow loadings on retaining net structures. The design procedure is still under international evaluation.
There is not yet enough experience on the performance of the barriers that have been designed accord-
ing to the design procedure: even if a barrier successfully retains a natural debris flow it only means
that the design procedure is on the safe side. The remaining reserves of a system are not known yet.
Nevertheless, the design procedure already has explicitly been implemented e.g. in Kwan and Cheung
(2012). The procedure is mainly based on the full-scale testing of an instrumented net structure under
the impact of real-scale debris flows supported by additional laboratory-scale physical model exper-
iments (Wendeler, 2008; Wendeler and Volkwein, 2015). However, even if data from field events is
available where natural debris flows impacted net barriers, the results and conclusions drawn have to
be handled with care. A single event is unique and the properties of debris flows as well as the local
channel conditions are variable (Iverson, 2015). In addition, in-situ measurements may not necessarily
be representative for the entire flow or they may be difficult to interpret. Given all these uncontrollable
factors, we consider it as important to base the load model not only on field measurements. Moreover,
any information that improves the understanding of debris flow impact loads and the interaction with
a barrier helps to formulate a reliable load model. Therefore, we address several issues related to the
development of the load model, including physical modelling in a laboratory chute with appropriate

Published by NRC Research Press

Page 4 of 39



Page 5 of 39

press.com by Lib4RlI - Library of Eawag, Empa, PSI & WSL on 03/06/19

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page Composition. It may differ from the final official version of record.

Can. Geotech. J. Downloaded from www.nrcresearch

Wendeler et al., subm. 5

dimensional analysis, full-scale barrier installation and measurement during a natural debris flow in-
cluding measurements. Afterwards we describe the new load model as well as an analytical approach
to calculate the loads acting in the barrier components. Finally, we compare the load model with other
approaches.

We first discuss the physical modelling part of this work, which is based on earlier research per-
formed by Weber (2004), where most of the detailed information about the laboratory chute and mea-
surement facilities is explained. This facility allows to determine the impact forces on different kinds of
barrier for small-scale debris flows with diverse materials, volumes, water contents and flow velocities.

Field scale measurements of debris flow impacts and the resultant structural forces are rare and
require a robust experimental infrastructure to withstand the rough conditions of natural torrent chan-
nels. More importantly, the full-scale instrumentation is ideally placed in channels where several debris
flows per year are possible. To test the barrier components in full-scale field tests, a site with several
natural debris flows per year —the Illgraben—was chosen. The Illgraben is situated in south-west
Switzerland, in the Canton of Valais. A debris flow research station has been in operation since 2001
(Hiirlimann et al., 2003; McArdell et al., 2007). Here, an instrumented test site for flexible barriers was
operated from 2005 to 2008. The measurements allowed us to understand and to develop but also to
verify the load model. Both field tests and physical modelling help to describe the physics of a debris

flows interacting with a flexible, light-weight structure.

2. Physical modelling of net barriers

The laboratory experiments (Wendeler, 2008, 2016; Wendeler and Volkwein, 2015) as sketched
in Figure 2 were performed with a 3.7 m long and 0.3 m wide chute for which the inclination was
varied between 14 — 26°. The goal of the small-scale experiments was to check whether results of the
laboratory tests can be transferred to full scale barriers based on a dimensionless analysis. Further, the
laboratory tests help to study the influence of different test configurations such as debris flow volume,
debris composition, chute inclination, barrier deformability, or mesh sizes. The influence of different
mesh sizes according to (Wendeler and Volkwein, 2015) is illustrated in Figure 3.

Mixtures of natural sediments and water with total volumes of 0.05 —0.15 m? were used, similar to
experiments described by Rickenmann et al. (2003) in the same channel. Sediment mixtures from the
rivers Illgraben, Merdenson (Canton Valais, Switzerland), Millibach, and Trachtbach (Canton Bern,
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Fig. 2. Physical modelling experiments (Wendeler and Volkwein, 2015): cross section of experimental set-up with
head box for release, acceleration and measurement sections. The sledge at the lower end of the chute carries the
barriers.

Gate Head box

Camera
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I Y

Fig. 3. Small-scale net barriers with different mesh sizes after laboratory tests (Wendeler and Volkwein, 2015):
(a) 3 cm mesh size kept nearly the same amount of material as (b) 4 cm mesh size. (c) The retained volume with
the 6 cm mesh size is only two thirds compared to the two other mesh sizes.

gy

Switzerland) were used. In all cases the sediments were processed to eliminate particles larger than
3 cm. Mixtures were reconstituted with water to produce mixtures which would flow rapidly in the lab-
oratory channel (Wendeler, 2008, 2016). We took special care to obtain a certain degree of repeatability
of the laboratory tests. A remaining degree of scatter might be expected due to natural variability of
the natural sediment mixtures and small variations of water content. The latter has been measured after
the tests by drying and weighing. The segregation of the mixture in the release box has been avoided
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by a maximum possible reduction of the time between filling and release.

The flow behaviour depended on the flow material, release volume and slope angle. When the
masses were released from the head box by way of a gate, which was rapidly rotated up and away from
the sediment in the head box, the flow depths rapidly decreased along the chute from 30 cm to less than
10 cm (Fig. 5a) when the masses impacted the small-scale barriers. Some of the flows developed roll
waves and impacted the barriers in multiple surges. Impact velocities of the first surge were typically
between 1 m/s and 4 m/s (Fig. 5b). Generally, by the time the flow front reached the barrier, the front
velocity was either constant or slightly decreasing (Fig. 5b) indicating steady or decelerating flows,
respectively. This also indicates considerable internal shearing induced by the basal roughness.

At the lower end of the chute a steel frame, called herein a sledge, has been installed to facilitate
accurate measurement of impact forces. The sledge is oriented parallel to the channel inclination. It is
supported orthogonal to the channel floor through four rubber cylinders that allow minimal movements
of the sledge in flow direction (Fig. 4d). At the lower up-slope end of the sledge two load cells measure
the total load over time in flow direction acting on the sledge respectively the barrier structure (Fig. 4e).
Additional screws through the centres of the load cells permit a balancing of load activation prior to
the experiments.Uplifting of the sledge is prevented through additional screws (Fig. 4c).

At the up-slope end of the sledge a U-shaped steel frame is visible in Figure 4a. Both upright
sections of the ”U” have a slit directed to the inside of the "U” where either a rigid plate (Fig. 4b)
or small T-profiles (Fig. 4c) can be installed. The latter are drilled along the web so that nets can be
attached as shown in Figure 3. The flexible net structure has been achieved by the use of simple plastic
nets that commonly are available for home gardening. Once installed, the net was mounted loosely
and additional strains due to acting loads were negligible. During our experiments we did not observe
failure of a net. Due to the different structure of the nets in the laboratory compared to the nets used
in the field a scaling of the maximum loads was not possible and we did not check for their maximum
load bearing capacity. In contrast to the field installations the laboratory tests had no energy dissipaters
installed between the net and the load cells. The sledge has a total weight of about 27 kg. Due to the
fixed support in flow direction through the load cells we estimate inertial effects during the debris
impact with a weight of 90 — 270 kg as negligible.

Apart from the laboratory tests using flexible mesh barriers we also conducted tests with rigid
barriers, i.e. plates in the channel with same dimensions but no openings. Table 1 and Figure 6 show
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Fig. 4. Sledge carrying the impacted barriers: (a) sledge without barrier; (b) rigid barrier installed (uplifting pre-
vented using additional wedges); (c) preparation for installation of flexible net with visible lower and upper support
ropes (uplifting prevented using four steel clamps); (d) view into flow channel from down-slope with detail of sup-
port orthogonal to the channel slope; (e) detail of fixed support and load measurement in flow direction parallel to
the channel.

d)

details for six similar tests, two with rigid plates and four with different nets. The laboratory debris
flows are similar regarding debris flow mixture, debris flow volume and channel inclination. Table 1
gives the main results, i.e. impact speed, flow depth at impact location, and the maximum total retention
forces during impact and after the test, Figure 6 shows the total loads in flow direction over time. A
video compilation of tests 20, 23 and 27 showing the impacts on Plexiglas, a plastic net and a steel net

can be found on Wendeler (2006).

The horizontal axis of the diagram in Figure 6 gives the time with respect to the release of the
debris flows. The diagram therefore indicates that all debris flows arrive at about the same time at the
barriers and, hence, are comparable in terms of impact velocity and flow depth. After impact two main
characteristics can be seen: for the flexible barriers the maximum impact load and the final static load

are larger than for the rigid plates.

This, on a first view, inaccurate result is interpreted in two ways. First, it can be explained because
the different barriers cause different physical processes which are known as “run-up” and “pile-up” as
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Fig. 5. (a) Flow depths and (b) front velocities of laboratory tests with material from different riverbeds (Illgraben,
Trachtbach, Merdenson & Alpbach) and different chute inclinations (14 — 26°) performed using different volumes
50, 100 & 150 litres. Flow depths were measured with a precision of 0.1 mm. Flow velocities were determined
by averaging over the distance between two flow depth measurements resulting in a precision of 0.2 m/s. The
zero flow depth in (a) does not reflect to a measurement but is related to splatter on the distance laser sensor, the
corresponding flow velocity has been derived from video records.
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already distinguished by Song et al. (2017): Based on high-speed video records, we observed a run-
up” process for the impact on the rigid plate: the debris flow material impacting the barrier first is being
stopped and forms a so-called “dead zone” (Chanut et al., 2010; Song et al., 2017; Koo et al., 2017,
Song et al., 2018). Due to the relatively large flow velocities of the debris mixtures in the laboratory
tests the following material is not being stopped anymore but deviated up into the air orthogonal to
the channel bed. Absorption of the mixture’s kinetic energy then happens by conversion into potential
energy. After reaching the highest point (kinetic energy = 0.J), the mud is accelerated downward
impacting the channel bed downstream of the barrier. If — for the rigid plates — the dead zone increases

as the barrier fills up the dead zone material is deposited mainly in front of the barrier/sledge on the
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Table 1. Comparison of similar debris flows impacting a rigid plate and a flexible barrier in laboratory
with a test setup as described in Wendeler and Volkwein (2015).

Test no. 15 20 16 17 23 27
Barrier type wooden Plexiglas steel net chicken plastic steel net
plate (Jakob) wire mesh (Tecco)
Mesh width mm 0 0 20 16 20 30
Slope inclination % 50 50 50 50 50 50
Debris flow volume m? 0.05 0.05 0.05 0.05 0.05 0.05
Water content kg 12.2 12.1 10.7 10.7 10.5 11.5
Granular content kg 92.8 95.6 97.0 97.0 97.22 96.2
Maximum grain size mm 30 30 30 30 30 30
Impact velocity m/s 2.74 3.53 3.02 3.08 3.94 3.03
Flow depth mm 93 43 97 109 66 67
Maximum impact force N 220 200 440 330 390 405
Final static load N 175 155 340 280 335 300

Fig. 6. Total load in flow direction over time of 0.05 m> debris flows (see Table 1 for details) impacting different
barriers in the laboratory. The time after release indicates that all debris flows arrive at the barrier at about the same
time, i.e. had about the same travel and impact velocities. The load curves for the rigid plates made from plexiglass
and wood show a different load behaviour over time compared to all net structures: the maximum dynamic load
is much closer in magnutude in relation to the final static load. The final static load is higher for the net structures
compared to the plates.
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channel’s floor. So, the impact load in flow direction of the oncoming material is transferred to the

chute floor which reduces the loads measured at the barrier/sledge.

If the debris mixture impacts a flexible barrier, the oncoming debris is caught by the net, partly
drained and the speed is retarded. We interpret this that the more kinetic energy is absorbed by the
barrier compared to the tests with a rigid plate and higher maximum loads in flow direction are mea-
sured. Song et al. (2018) explain above behaviour that the large deformation of flexible barrier allows
the debris to dissipate more internal energy and the deformed barrier also able to redirect the flow due

Published by NRC Research Press

Page 10 of 39



Page 11 of 39

press.com by Lib4RlI - Library of Eawag, Empa, PSI & WSL on 03/06/19

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page Composition. It may differ from the final official version of record.

Can. Geotech. J. Downloaded from www.nrcresearch

Wendeler et al., subm. 11

Fig. 7. Cross-section through retained material after laboratory tests.
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to dead zone formation of granular material. Further, the curved net shape favourizes the formation of
a reflected wave as illustrated in Figure 9b or also described by Choi et al. (2017).

The higher static load in fully filled state of net barriers compared to rigid ones is interpreted as
follows. The barriers tested are situated at the up-lope end of the sledge. After all tests, the main part of
the debris rests on the slope before the sledge and does not load the barrier or sledge, respectively. In
Figure 7 the cross-sections of the retained material after the tests are shown obtained from a post-event
laser scan along the chute. Comparing the filled rigid barrier with a flexible one we observe that the
flexible one extends over the sledge and therefore more material contributes to the static load. The rigid

barrier retains all debris up-slope of the sledge.

2.1. Dimensionless analysis

To determine the applicability of the model results to the full-scale problem and to better under-
stand the physical processes, we performed a dimensional analysis. We identified nine dimensionless
numbers (Wendeler and Volkwein, 2015) and found five of the nine to be significant for our inves-
tigations because they specifically describe the barrier-debris interaction process. The five significant

dimensionless quantities are (Wendeler, 2008):

h
and Il = -

_Ptotal :%_ 1 :L
1Zb hy

(1] I = —-, 1y
pu

timpu
- o
u2 Fr2’ 3 hy 4

with u [m/s] being the flow velocity, p [kg/m?] the density, h ¢ [m] the flow depth, ¢, [s] the impact
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duration, hy, [m] and b [m] the filling height and width of the barrier, V [m?] the released debris volume,
2] th it tant and F'r |[—| the Froud ber (F'r = —#*=).
g [m/s?] the gravity constant and F'r [—] the Froude number (F'r m)

The dimensionless quantity II; describes the acting pressure Pi.:,; compared to theoretical net

drag, defined as the density p multiplied with the velocity u?. The parameter P, describes the
pressure on the barrier and it has been obtained by the total load measured in flow direction divided by
the impact area. II; can therefore be interpreted as a dimensionless pressure coefficient. II, represents
the Froude number by being its inverse squared. It describes the ratio between kinetic energy and the
potential energy for free surface flows. The time-dependent number 113 describes the length of the
debris flow (impact time ¢;,,,,, multiplied by the flow velocity «) compared to the filling height of the
barrier h;. Because this number describes the initial retention capacity of the net, it can be used to
classify the tests. The number I, is a scaled volume described as the release volume V' divided by the
flow depth multiplied by the width of the chute b. II5 compares the fill height h;, of the barrier with the
flow depth hy.

The range of 1I; — II5 for the small-scale laboratory tests and a full-scale implementation (e.g. the
Illgraben torrent, see below) is shown in Table 2. The filling height h;, is defined as the height of the
flow surface above the lowest point of the barrier in the channel. The largest deviations are observed
for the dimensionless volume II, and the dimensionless length relation II5. These values could not be
optimized because of the limited capacity of the laboratory release box and the geometrical boundaries
of the test chute.

Another dimension-less number, the so-called Savage number (Savage and Hutter, 1989, 1991), has
not been determined for neither laboratory tests nor the field material. It helps to evaluate whether the
different flows are characterised more by gravity or by internal friction. However, the Savage number
strongly depends on the grain sizes of the debris flows (Kowalski, 2008). Because of the grain sizes in

the field were not determinable the Savage number has been left out for this analysis.

2.2. Debris-barrier interaction

The impact pressure P, (Fig. 8a) depended primarily on the front velocity v and the discharge of

debris through the net. It could be modelled accurately with the dynamic pressure formula

[2]  Pi=cupu® [N/m?]
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Table 2. Dimensionless numbers describing the debris flow-barrier
interaction process.

II; Description Field tests ~ Laboratory tests
Iy pressure coefficient 0.7—2.0 0.1—1.0
1/y/Tlz  Froude number* 04—40 0.7—7.0

113 flow length to hy 2.6—4.0 0.8—18.0

114 dimensionless volume  120—700 10—185

115 hy compared to h s 1.6—8 1.5—7

*The Froud number using Illgraben material was always below 2.0,
material from the mountain Hasliberg produces Frounde numbers of up to 4.0.

with the pressure coefficient ¢,, [—]. The resulting total impact load F; per unit channel width can then

be set to
[3] Fd :Pdhf [N/m]

For permeable nets with wire spacings greater than dgg (grain diameter dgy where 90% of the particles
are smaller, from the cumulative grain size distribution) we found a difference in peak pressure P41,
depending on Froude number. At Froude numbers F'r > 2 the measured load on the barrier was
primarily a function of the speed of the flow front. In this case the hydrostatic load per unit channel

width, given by

1 1
4] Fo=gPhy= §pgh? [N/m)]

is small in comparison to the dynamic pressure, with P, being the maximum hydrostatic pressure at the
channel floor. For surge fronts with F'r < 2 as shown in Fig. 8a, the hydrostatic pressure component
cannot be neglected. Thus, the laboratory tests suggest that the interaction between a debris flow and
a barrier can be described as a hydraulic pressure if F'r > 2. The dimensionless number II; then
can be directly rewritten as by II; = 57"'2 = ¢w. A Plot of II; as a function of Fr = u/ \/ng
is shown in Figure 8b and indicates II; = ¢, values slightly higher than 0.5 for a (small) number
of laboratory tests. Some larger values for II; are due to the use of very viscous material taken of
the river Trachtbach (Wendeler and Volkwein, 2015). Hence, the pressure coefficient depends on the
debris material properties. Very viscous and granular flows result in larger pressure coefficients. Using
cy ranging 0.7 — 0.9 is on the safe side. Armanini and Scotton (1993) suggest pressure coefficients
Cyw =~ 1 — 1.3 for impacts in non-laminar flows obtained from small-scale test using plastic particles.
Bugnion et al. (2012) reported c,, ~ 0.2 — 0.8 based on measurements during mudslide tests. Although
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Armanini and Scotton (1993) observed c,, up to 2.0 for granular flow, our laboratory experiments never
show values larger than 1.

As written before the impact on rigid barriers produces smaller resulting loads in flow direc-
tion (with corresponding lower pressure coefficients) than on net barriers. This was explained af-
ter analysing the video records: In the laboratory experiments, with relatively large Froude numbers
(largest Froude number shown in Fig. 8b), the rigid barrier mainly deviates the impacting flow upward
and while the flow velocity changes direction, its magnitude remains large (see Choi et al. (2015) and
Fig. 9a). In comparison, flexible barriers deformed upon impact and reduced the flow velocity in the
downstream direction; the magnitude of the vertically-redirected velocity component at the net is much
smaller. Therefore, the maximum total retention force measured at the sledge structure was larger for
the flexible barriers than for rigid barriers for the same impacting flow. Hence, this also explains why
II; = ¢y, is smaller for impacts on rigid plates compared to retention by flexible nets.

Assuming Froude similarity we compare assumed total barrier stiffnesses k,, in laboratory and k,,
in the field in relation to their impact areas A,, and A,, and the barrier deflections in flow direction f,,,
and f, in relation to the flow depths A ; ,,, and h¢; ,, one can state that (k* f /Axh;),, should be equal
to (kx* f/Axhy;)y. In the laboratory we expect a deflection of about f,,, = 0.1m compared to the field
with f,, = 2.5m. This length scaling of 25 compares favourably also for the relation of the flow depths.
The relation of the barrier areas is about A,, /A, = 1/400. This results in a relation for the stiffness
of the barriers of about k,,, = 1/400k,, which indicates that a barrier in the laboratory should be 400
times softer than in the field. This relation can only roughly be fulfilled even by the use of soft plastic
meshes. We therefore did not attempt to link the elasticity and flexibility of the laboratory barriers to
the full-scale ones. The dynamic behaviour of the barriers in the field, in combination of the reaction
of the different barrier components, is too complex to be reliably replicated in the laboratory without

additional research to verify the correct scaling of the individual components.

2.3. Results from laboratory tests

Laboratory tests are useful to study qualitative effects when a debris flow impacts a barrier. When
quantitative aspects are considered scaling problems are a common issue when transferring small-
scale laboratory results to the field (prototype) scale. In this case, also stiffness in the net does not scale
realistically. However, with our dimensional analysis we were able to show that the impact pressure is
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Fig. 9. Two possible situations the debris material behaves after the first contact with a barrier: a) a fast flowing
mixture with a higher water content hitting a rigid plate is deviated upward and overflows the barrier. b) The net
structures slows the mixture down and an upstream directed reflected wave can be observed.

. Oncoming material . Front impact

E] Dead zone D Vertical deviation

D Deviation and overflow
Reflected wave

design. Larger particles in the flow can be trapped in the mesh that in turn gets clogged (e.g. described
in Chevoir et al. (2012)). We investigated whether the pressure coefficients are a function of the mesh
wire spacing (Wendeler and Volkwein, 2015). When the largest particles in the flow cause a blockage
of the openings in the net (Fig. 3) the impact coefficient did not vary as a function of the size of the
net openings anymore. We observed a partial blockage for particles with an diameter larger than half

of the mesh aperture.

Another observation confirms the findings of Armanini and Scotton (1993) that slow moving, vis-

cous or granular flows interacted with the barrier by showing a reflected wave after the impact (Fig. 9b).

Comparing the pressure coefficients from literature and our tests their range from ¢,, = 0.1 —0.9is
still very large when considering that this also results in a wide spectrum of possible loads on a barrier
in the field. Therefore, based only on laboratory tests we estimate possible values for c,, more as a
scale for their theoretical magnitude in the field. Therefore, we suggest that laboratory results must be
interpreted carefully to ensure that the physical processes in laboratory reflect the situation at full-scale.
Field tests as described in the following section provide more reliability.
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3. Full-scale field test site

Full-scale field measurements with flexible barriers (Wendeler, 2008, 2016) were conducted at the
Illgraben torrent, located in the Canton of Valais, near the municipality of Susten (Leuk), in the south-
western Swiss Alps. Historical data on debris flow activity at this site indicate that it is one of the most
active catchments in the Alps (Rickenmann et al., 2001; Schuerch et al., 2006; Bennett et al., 2012). In
the Illgraben, 2 to 7 debris flows or debris floods have been observed every year since the installation
of the first instruments in the year 2000 (Hiirlimann et al., 2003). Debris flows have occurred regularly
during the last 100 years including many smaller events (volumes less than 75000 m?), five events
with volumes ranging from 75000 to 250000 m? and one event in 1961 with a total volume of about

500000 m?3 (Badoux et al., 2009).

3.1. Instrumentation

The debris-flow barrier instrumentation was installed near the downstream end of the Illgraben
channel, 50 m downstream of a large force plate and other instrumentation described by Berger et
al. (2011). In this section, we first describe the existing observation station, and then we explain the
instrumentation for the barrier in more detail.

The flow depth is measured at different locations using laser, ultrasonic, and radar devices (Badoux
etal., 2009). The flow velocity is determined from the travel time between the flow depth sensors and/or
geophone sensors, which are installed on check dams, and which generally allow clear detection of the
arrival of a debris flow at a check dam. Additionally, basal shear and normal forces are measured using
a large force plate installed below a roadway bridge (Fig. 10b, 50 m upstream of the barrier described
herein). The force plate shown in Figure 10a and described by McArdell et al. (2007) is 4 m wide, 2m
long (in the flow direction). It was designed to measure bulk properties of the flow, such as basal shear
force and normal force. Together with either the radar or laser flow-depth measurement above the force
plate, it is possible to estimate the wet bulk density of the flow.

In 2006, a 14 m instrumented wall was constructed on the orographic left side of the channel several
meters upstream of the large force plate (Fig. 10b). The instrumented wall consists of a vertical array
of 0.3 m square force plates and three columns of six 0.3 m square geophone plates all mounted on a
vertical wall which is nominally parallel to the direction of the flow. The force plates were intended
to provide details on the pressure fluctuations at the boundaries in parallel to a debris flow (Berger et
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Fig. 10. Large-scale instrumentation at the Iligraben. Force plate (left image) used to measure normal and shear
forces as well as flow density, and the instrumented wall (right image) with a small array of force plates, at the
downstream (right) side of the wall to measure the pressure profile.

i Steel plate

Shear force devices
<~ Normal force devices

al., 2011), while the geophone plates were intended to provide information on the distribution of flow
velocity as a function of height above the channel bed, through correlation of the impulses recorded on
the plates, e.g. each plate is intended to function analogously to a Swiss plate geophone (Rickenmann
and McArdell, 2007). We used the data of the instrumented wall to develop the load model presented.
The interpretation of the measurements help to better understand the processes within a debris flow and
can be used to indicate that e.g. that the pressure distribution within the approach flow is approximately
hydrostatic.

Approximately 20 m before the Illgraben torrent enters the River Rhone, a test barrier was installed,
roughly 50 m downstream of the shear and normal force devices. A video camera was placed down-
stream of the barrier to record each event in detail. Lighting devices were installed around the barrier to
allow filming at night. Furthermore, the barrier was instrumented with a laser sensor (suspended over-
head) to measure the flow depth and filling height over time upstream of the barrier. Load cells were
installed in the support ropes to measure tensile stress (100 Hz sampling rate for all devices). Measured

rope forces and filling height of one filling-overflow event in May 2006 are shown in Figure 11.

3.2. Results of field measurements at the instrumented wall

Because instrumented-wall data are not available for all of the events, we selected one event where
the pressure profiles are clearly illustrated, i.e. where the flow depth is large enough to have impacted
many of the plates in the vertical direction. Pressure profiles at the instrumented wall for 3 October
2006 event are reported in Figure 12 for three points in time: 1, 12 and 24 s after the front arrival. The
values shown represent the 1 s-average calculated from measurements with 2 kHz sampling rate. Note
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Fig. 11. Rope forces of the barrier shown in Fig. 1c over time measured during a debris flow event on 18 May
2006 (see Table 3) together with the filling height of the barrier. The upper support ropes is a rope bundle defining
the upper edge of the barrier. Correspondingly, the lower support ropes form the lower edge.
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that load cell no. 2, located near the bottom of the flow, was covered with sediment, a lateral levee
from a previous debris flow, which effectively shielded the lower part of the wall from the debris flow.
Because the pressure of cell no. 2 remained constant, we assume that the levee was not eroded by this
event. At t=1 s, the contribution of cells 5 and 6 to the structure response are moderate because the
flow depth still increases. This increase of the front lasts about 8 s according from the video records
at the shear wall. Considering these values as negligible with respect to that of other cells one might
see a non-linear pressure profile. However, this observation is based on only 3 measurement points and

should be considered to be somewhat speculative.

We interpret the data from this event at the instrumented wall as follows: the flow front appears
to be homogeneous and well mixed, with water visible on the flow surface, suggesting that the flow
is fully saturated. The video images also indicate that the particles present in the flow are cobbles
and smaller-size sediments, with few larger boulders visible. We assume that there was no significant
change in the flow between this location and the barrier downstream. The measured profiles at times
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Fig. 12. Pressure profiles for the 3 Oct. 2006 debris flow at different times on a rigid instrumented wall, 50 m
upstream of the test barrier. The wall is oriented parallel to the flow and can be interpreted as representing hydro-
static (not impact) pressures. Each point shows the pressure recorded in average on 30 cm square plates. Load cell
6 is at the top of the wall, load cell 1 is buried in the channel bed and is not shown.
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12 s and 24 s are linear, indicating that a hydrostatic pressure profile was present during the flow, after
the passage of the front. Because the surface level of the debris flow lays above the uppermost load
cells, no qualified statement can be given whether the measured loads of cell 6 are related to also a
dynamic or only a static pressure. As noted above, load cell 2 still is partly buried in sediment and
therefore does not reflect the full acting load. Based on the data of 12 s and 24 s in Figure 12 the unit
weight of the debris flow, which is the gradient of the upper curves (i.e. from the level of load cells
nos. 3 to 6), can be estimated around 16 kN /m?>. The density calculated at the large horizontal force
plate from the normal force and flow depth is 2050 kg/m? (see Table 3). In a first approach we explain
this difference that the debris flow does contain less blocks closer to the channel banks, i.e. the heavy
blocks are concentrated more to the middle of the flow. Further, the size of the horizontal force plate
with 4 x 2 = 8 m? is significantly larger than that one of the load cells 3 — 6 with 0.3 x 1.2 = 0.36 m?.
For these reasons, the large plate is expected to provide a more realistic characterization of the mean

density of the debris flow.

Between 2005 and 2008 a total of nine events impacted instrumented debris flow barriers (Wen-

Published by NRC Research Press

Page 20 of 39



Page 21 of 39

press.com by Lib4RlI - Library of Eawag, Empa, PSI & WSL on 03/06/19

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page Composition. It may differ from the final official version of record.

Can. Geotech. J. Downloaded from www.nrcresearch

Wendeler et al., subm. 21

Table 3. Debris flow events stopped by the barriers. Debris flow velocity, flow depth, density and Froude number.

Date Volume  Density Front velocity ~ Flow depth  Froude no.  Front shape chronology
mY) hg/m®]  [m/s] [m] -]

02 Aug 2005 6 800 2100 6.0 1.0 1.91 Granular/filling event

18 Aug 2005 4400 2200 0.7 0.8 0.25 Granular/overflow

18 May 2006 15000 1600 2.9 1.0 0.93 Muddy flood/filling

24 Jun 2006 50000 2000 6.0 2.7 1.17 Granular/overflow

27 Jun 2006 55000 2000 4.9 2.6 0.97 Granular/overflow

18 Jul 2006 10800 1900 7.9 2.5 1.60 Muddy flow/overflow

28 Jul 2006 18000 2100 2.1 1.5 0.55 Granular/overflow

03 Oct 2006 10000 2050 1.6 1.5 0.42 Granular/overflow

18 Jun 2008 5000 2100 2.6 1.1 0.79 Viscous mudflow/filling

deler (2008, 2016) and Table 3). The events varied in velocity, flow depth and density (solid fraction).
Both muddy debris floods and debris flows with large boulders were observed. However, no typical
granular debris flow, with a comparatively small water content, impacted an empty net. Several events
overtopped the barriers; several events activated the energy-absorbing elements which was apparent
through a reduction in the supporting rope forces during the rapid plastic deformation of energy ab-

sorbers (Fig. 11).

3.3. Measurements at the full-scale barrier

The complexity of a debris flow impact on a flexible barrier and the intention to properly detect the
different processes and parameters makes it difficult to obtain reliable results from field tests. Further,
the efforts necessary for the installation of a single barrier and the great uncertainty regarding the date
of the next natural debris flow limit the number of measurements. The different barriers that have
been erected and all recorded debris flow events are listed in Wendeler (2008, 2016). This section
describes the performance of a flexible barrier during the debris flow event on 18 May 2006 that filled
the barrier. This event has been chosen as an example due to the high-quality data. Figure 11 shows
the measurements of load cells within the support ropes and the measured filling height over time.
On the left axis the loads between the ropes with the energy absorbers and the anchorage to the river
banks is shown for the upper and lower support ropes anchored each on both river banks. The right
axis is scaled for the measurements of the distance laser that was mounted over the river bed about
Im upstream of the barrier. Related to the time-line we also marked the event characteristics that were
visible from the video records. First, the debris flow passed underneath the barrier until reaching a flow
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depth that causes a reaction of the support ropes at about 18:47:05. The filling process started at about
18:47:35 with increasing forces in the ropes until about 18:48:12. Then, the load in the lower support
rope reached about 160kN and at least one energy absorber was activated. During this activation the
measured load drops significantly and afterwards increased again to further transfer the also increasing
load. The elongation further enables the barrier to adapt its shape to the loading by deforming in
flow direction and — at the same time — reducing its height. Similar load drops and therefore also
elongations of the energy absorbers can be observed for the upper support ropes at about the times
18:48:20 and 18:48:40. After the time 18:49:05 the barrier was over-topped by another debris flow
surge. A partial failure of one of the lower support ropes explains the significant load drop at that time.

We generalized the debris flow barrier impact in three steps (Fig. 11):

Initial impact: forces in the bottom support ropes increase rapidly (Fig. 11) and are a function of
the flow density and velocity. As the net is deformed (stretched) by the impacting debris flow the total
barrier height reduces from H to a new height H’ when fully filled.

Subsequent filling: forces in the ropes increase and energy absorbers get activated, primarily in
the upper ropes as the backfill height increases. The measured rope forces are a function both of the
dynamic impact as well as the static backfill height.

Overflowing: if the net height H' is not large enough to contain the volume of the entire debris
flow, the body and tail of the debris flow will overflow the barrier. The upper support ropes experience

an additional force exerted by the overflowing debris.

4. Load model

The procedure to define the load model reflects the full-scale test observations where the barrier has
been filled continuously. The model discretizes this filling process over time. This results in three load
cases: (1) the initial impact, (2) stepwise filling of the net and (3) the overflowing process. Each load
case will be described in the following section. We will show that the net design algorithm is primarily a
function of the velocity and flow depth h of the filling steps. We assume the flow depth is constant for
each step in accordance with the field measurements. Both dynamic pressure and static loads from the
filling process are considered. We apply full active earth pressure pressure state calculated according to
Rankine (1857) with an earth pressure coefficient K = 1 which is on the safe side because we assume
the material to be fully saturated and there are no experiences available yet whether and — if so — how
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much K could be reduced regarding the drainage capabilities of the net.

In the field, the dynamic impact force usually varies over time according to the current flow depth
and velocity. Muddy debris flows often have their maximum flow height not directly at the front com-
pared to granular flows where the debris front has the largest flow depth and velocity of the entire debris
flow. If we now take these two values constant for the complete debris flow during the filling process
we stay conservative. The load model presented consists of hydrostatic and -dynamic pressures that in
sum produce a pressure distribution non-linear over the filling height.

Pressure normally is directed always orthogonal to the surface it is acting on. However, due to the
complex shape of a flexible barrier after deformation and the usability of our load model also for non-

computational design calculations we decided to apply the pressure only in the main flow direction.

4.1. Alternative modelling approaches

When transferring different load models into a discrete element simulation (Volkwein, 2005) the
simulated rope forces can be compared with rope forces that have been measured during a field test.
In total, three alternative load models were evaluated: 1. assuming that the load acts evenly distributed
over the entire barrier height and varies with time, 2. assuming that the still constantly distributed load
only acts on the current active-flow layer (e.g. the depth of the debris flow, ignoring underlying de-
posits trapped by the barrier), and 3. assuming that the pressure varies over the current filling height.
For the third case, we also tested three variants a,b, and c: a) assumed a hydrostatic distribution over the
current filling height and the hydrodynamic pressure has been distributed evenly on the same height.
b) assumed a stepwise filling of the barrier as described in section 4.2 including a scenario with over-
flowing debris material after the barrier has been fully filled. ¢) reduced the dynamic pressure to 50%
because the filling material runs into the already stopped material which also has a braking effect.
However, this simplified model did not fit the force measurements in the ropes well.

A fundamental assumption of the following design procedures is that we consider a two-dimensional
cut in the y — z-plane at the net centreline (Fig. 13) because in the field we observed a filling of the
barrier evenly-distributed over the width of the channel. Therefore, the variants described above do
not consider variations of the acting pressures over the width of the riverbed. The model evaluation in
section 5 assumes a constant parabolic pressure distribution over the channel width when analytically
deriving the rope forces in section 5.1. An alternative load model presented in Brighenti et al. (2015)
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differs from the model presented above. It varies the pressure along a circular arc to the lower centre

of the barrier’s edge.

4.2. Modelling approach

The development of the chosen load model is based on an analysis of the rope forces measured
during the nine events reported in Wendeler (2008, 2016). The load model mainly describes pressure
loads that act on the barrier and that vary over the height above the channel bed and over time. The

following sections describe the load model that has been developed.

4.2.1. Initial impact: stopping the debris flow front

The debris flow first impacts the barrier and will be stopped when the flow depth & is greater than
the height of a basal opening hy,sq; (see Fig. 1b and Fig. 13a). The laboratory tests revealed that the
basal height ideally is hpgsar < %h f, 1.e. two-thirds of the expected initial maximum flow depth. The
initial maximum front flow depth is difficult to predict. At the Illgraben, events have been observed with
maximum front flow depths ranging from a few decimetres up to 3 m. In addition, torrents containing
wood debris and large boulders will increase the flow depth and may initiate an earlier stopping/filling
process after the initial impact.

The total load P during the initial impact is composed by a hydro-static (Py,q) and a hydro-
dynamic part (AP). The dynamic force acting on the net during the first impact is F; = c,,ph su? per
unit channel width where c,, — the pressure coefficient — depends on the flow material and its properties.
It ranges between c¢,, = 0.7 for debris floods (relatively small sediment concentration) and ¢,, = 1.0
for more viscous type mud/debris flows. Armanini and Scotton (1993) use ¢,, = 2.0 for impact of
granular flows on rigid obstacles. The hydrostatic force per unit channel width is F; = %K pghfc (with
K=1).

Stress concentrations, indicated by pressure coefficients c,, > 2, have been observed in other geo-
physical mass movements composed of granular material, e.g. wet snow avalanches, when impacting
slender objects. This effect can be explained that an obstacle with a cross-sectional area exposed to
the flow area not only influences a flow area of the same size but also the flow in the nearest neigh-
bourhood. So, at small impact speeds objects of small width (defined relative to the flow width) will
experience pressure forces greater than those predicted by the dynamic pressure formula used in our
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loading analysis procedure. This effect is not considered within this contribution. However, for a barrier
design care must be taken for e.g. slender columns, supports or other structural components exposed
to the flow, especially when designing for granular debris flows. Muddy debris flows containing little
solid fraction cannot redistribute the impact forces, cause less material jamming, and therefore prob-
ably do not constitute as large of a threat to exposed components. The designer should keep in mind,
that above effect is relevant only for slender objects, for large obstacles such as the whole net area of a

barrier this effect is neglectable.

4.2.2. Subsequent filling steps

After the initial impact and with the mass stopped we assume a remaining hydrostatic pressure
distribution of filling height h;. This is somewhat conservative because we assume the stopped material
does not drain quickly. In reality, water will pass through the net, reducing the hydrostatic pressure over
time.

For the subsequent filling of the barrier, we assume that the first impact of the debris flow has not
filled the barrier and that the flow continues after the initial impact. The pressures acting on the barrier
are composed of both the static load of the material and the dynamic load of the following oncoming
material. In our load model (Figure 13b) we made two assumptions/simplifications: the filling process
is discretized into individual in-filling steps, the duration of which depends on the thickness hy of
the in-filling debris-flow mixture. Additionally, we assume that the dynamic pressure acts only on the
thickness considered in the individual in-filling step while the hydrostatic pressure acts over the entire
fill-height h of the barrier (including material which stopped in previous in-filling steps, Figure 13b).
The height of this top part equals the filling step size, i.e. the flow depth k. The drag force acting on
the barrier therefore is Fy = ¢, ph pu? per unit channel width; i.e. it is equal to the dynamic pressure of
the initial step, but now with elevated point of loading. The hydrostatic force per unit channel width is
the sum of all filling steps: F; = %K pgh? (with K = 1). The third or even more steps are considered
in the same way until the maximum barrier height is reached (the original height of the barrier might
be reduced in filled state).

We use the same density for both the hydrostatic and hydrodynamic pressure, i.e. that of the flowing
material. Of course, once the debris has been stopped and drains its density changes. However, the
magnitude of the static pressure then could be reduced because the drained material remains more
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stable than a rather liquid debris mixture. This would load the barrier less from a static point of view.
We assume that the draining process is slow in comparison to the rate at which the barrier is filled, so
we do not consider this effect. Therefore, we remain conservative if we apply the hydrostatic pressure
with the density of the mixture.

The numeric value of the hydrostatic maximum pressure itself is not necessarily larger than the
hydrodynamic pressure. However, at least for the cases described herein, the area the static pressure
is acting on makes it the dominant load. For example, a barrier being already filled up to a height of
5 m and being additionally overtopped with a 1m flow depth has a maximum hydrostatic pressure at
its bottom of Py,q = 130 kN/m?2. The hydrodynamic pressure is AP = 149 kN/m? (velocity =
5.8 m/s, density = 2200 kg/m3, flow depth = 1 m, K = 1, ¢,, = 2). So, per meter width of the
channel a hydrostatic load of Fjq = 0.5(5 + 1)130 = 390 kN/m comes with a hydrodynamic load
of only” Fy = 149 EN/m.

Due to the flexibility of the barrier, both the shape of the barrier and the barrier height will change
during an in-filling event. The resulting reduced barrier height H’ therefore influences both the maxi-
mum acting pressures and the total volume being retainable by the barrier. The field experiments show
a height reduction of 25%, i.e. the lowest elevation of the upper barriers edge above the ground after
the barrier has fully been filled is 75% of the original position before the event.

The barrier presented in Volkwein et al. (2015) and shown in Figure 14a, b has in total 10 levels of
support ropes. The ropes are not spanned straight across the channel but follow a radial circumference.
The loading conditions are a discharge of 200m? /s traveling at u = 7m /s with a material density of
p = 2200kg/m?3. The dynamic pressure then results to Py = 216kN/m? with a pressure coefficient
of ¢, = 2.0. Applying above load scheme over time (including a safety factor of 1.3) illustrates the
discretized filling process (Fig. 14c) and its influence on the effective single rope forces (Fig. 14d). In
the beginning only the lower ropes are loaded. As the barrier is filled the higher-positioned ropes are
then also loaded. The figure also shows a load redistribution in the vertical direction: debris hitting the
lower area of the barrier not only stresses ropes at the lower portion, but also on higher levels due to the
movements and load transfer of the net in flow direction. The uppermost rope does always have a low
rope force according to the simulation due to its geometrical arrangement with the pre-defined rope
sag: when the debris level reaches the lowest part of the upper support rope the debris immediately
goes over the rope and does not fill the barrier further.
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4.2.3. Overflowing process

The design procedure considering multiple steps continues until the barrier is completely filled.
Moreover, H' defines the number of steps n of flow depth Ay the barrier can withstand: n = H' /hy.
The (n + 1) step flows over the barrier exerting a normal load o and shear stress 7 (see Fig. 13c),
primarily on the upper ropes. Measurements at the Illgraben force plate showed that the shear load 7 is
only about six percent of the vertical stress o (Wendeler, 2008, 2016) and therefore is neglected. The
hydrostatic pressure P is increased by the self-weight of the overflowing material resulting in a stress
component ¢ that is directed downward. We assume that the stopped material is not yet drained and
therefore we fully add o = phyg to the hydrostatic pressure. Clearly, the validity of this assumption
depends on the drainage properties of the debris material. In August 2005, we observed the failure
of a lower support rope when a barrier was impacted by a viscous debris flow, with poor drainage
properties. However, for a long filling time and well-drained sediment, which often includes relatively
small amounts of silt and clay sediments, the pressure behind the barrier can be reduced using an

appropriate earth pressure coefficient. This possibility is marked by the red dotted line in Figure 13c.

5. Model evaluation

The model was tested using the event recorded in May 2006 (Table 4). The measured rope forces
for the filling event in 2006 are shown in Figure 11. The measured density of the flow using data from
the force plate was relatively low for a debris flow with p = 1600 kg/m? so that a mud flow pressure
value ¢,, = 0.7 was assumed. Comparison with video images suggests that this assumption is valid,
because only few large boulders were visible in the flow. With the model of pressure steps the forces
shown in Table 4 act on the rope equally distributed over the channel width as shown in Figure 15,
option 1. In fact, we received the best results assuming a triangular load distribution over the channel
width as shown in Figure 15, option 2. However, by assuming option 1 the load model will stay on the

safe side.

5.1. Analytical determination of rope forces

The idea behind the rope equation (Palkowski, 1990) is that the tension decreases as the length
of the rope increases (assuming that the endpoints remain fixed). In our case, to further reduce the
maximum load (tension) on the rope, plastically-deforming energy-absorbing elements are used. In the

Published by NRC Research Press



press.com by Lib4RlI - Library of Eawag, Empa, PSI & WSL on 03/06/19

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page Composition. It may differ from the final official version of record.

Can. Geotech. J. Downloaded from www.nrcresearch

28 Can. Geotech. J. Vol. 99, 2018

Fig. 13. Filling of a debris barrier discretized over time: (a) Initial debris flow pressure loading step the bottom
support ropes; (b) Follow-up debris flow steps acting on the barrier; (c) Overtopping stage with the influencing
forces o and 7 on the stopped material. The dashed lined at the hydrostatic pressure distribution indicates that -
after a certain time - the deposited material might have been settled and the magnitude of the hydrostatic compo-
nent might be reduced as an active earth pressure according to Rankine (1857).

The figure labels the pressures P acting per area unit. For the design of a barrier the acting total forces F' in the
vertical and horizontal areas distributions have additionally to be considered.
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barrier described in this manuscript, the rope is looped through a hollow steel ring which can deform
under loads approaching the rope strength. Consequently the ropes effectively elongate under peak

loads rather than breaking, with some force going into plastically deforming the additional elements.

We now back-calculated the rope forces using different pressure distributions acting on the net.
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Fig. 14. Example for the evolution of the modelled acting pressures over time on a barrier with curved support
ropes (Volkwein et al., 2015): a) installed barrier and b) drawing for the support at the riverbanks and support
ropes. ¢) The upper section of each small image visualizes the assumed dynamic pressure with an additional
hydrostatic component. The lower part shows the assumed hydrostatic pressure of the already stopped material.
In the last image the overflow condition is visualized composed from a hydrostatic pressure distribution with an
additional component constant over barrier height modelling the influence of the debris flow going over the barrier.
d) Evolution of support rope forces over time. The barrier modelled has ten support ropes (diameter =95 mm)
with rope 1 located at the bottom edge of the net.
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These pressures are distributed as line loads on all ropes that are spanned over the river channel and
structurally can take over the loads. The direction of the ropes is along the width of the net in the
z-direction which is the rope’s original longitudinal direction (see Fig. 15). To now obtain the rope
forces the differential rope equation is solved using a Newton iteration method (Palkowski, 1990): The
approach assumes a rectangular, triangular or parabolic line load and determines the corresponding
rope force. Special attention has to be paid to the elongation [, of the energy-absorbing elements
(brake rings). They also elongate and therefore require a consideration within the force-lengthening-
iteration to solve the rope equation. In our case, we determined the lengthening of an energy absorber

according to its force-elongation diagram that has been obtained from quasi-static tension tests. The
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Table 4. Measured vs. modelled rope forces during a mud flow event for different kinds of filling levels as shown in

Figure 13

Chronology Ropes Measured load [kN]  Model result [kKN] Comments

First initial step  Bottom ropes 85 90 Top ropes not yet influenced by model
Top ropes 25 0

Second step Bottom ropes  125-150 144 Top ropes not yet influenced by model
Top ropes 65 0

Third step Bottom ropes 200 200 Nearly identical
Top ropes 120 135

Third step Bottom ropes 225 240 Overestimation for overflow
Top ropes 150 170

absorber’s elongation is then distributed as an evenly distributed strain/elongation along the full rope
track. The iterative procedure to solve the rope equation works as follows (Volkwein, 2014): 1. calculate
the length of the rope (incl. energy absorbers); 2. solve rope equation to obtain rope force based on
acting line load; 3. calculate rope strain and dissipater elongation based on rope force; 4. re-calculate
the length of the rope; 5. repeat above scheme until the length of the rope stops elongating.

The results of the back-calculation using the rope equation showed that the triangular-shaped load
distribution fits the measured deformations (suggesting a corresponding velocity distribution over the
channel width). The rectangular load distribution models the measured stopping loads in the rope best,
although the maximum deformations f are slightly underestimated (Wendeler, 2008). Because we
are interested in the structural capacity, we assume a rectangular load distribution and hence a two-
dimensional net section in the design procedure. This simplifies the design procedure considerably

because a three-dimensional analysis is not necessary.

5.2. Comparison of rope forces

For the 18 May 2006 event the observed flow velocity was u = 3m /s and the maximum front flow
depth hy = 1m. The time when barrier overflowing starts is seen in the video records, and the number
of filling steps n can be calculated using H'/hy. Applying the multi-step model to each back-filling
stage we calculated the rope forces using the differential rope equation. The deformations of the energy
absorbers and the rope forces predicted by the load model agree well with the field measurements. In
the two first load steps the forces in the upper support ropes are underestimated by 100%, because
the load model assumes that they are not influenced by the load applied at the base of the net: the load
model only assumes a horizontally acting pressure. However, the tension in the lower net section is also
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Fig. 15. Conversion of a distributed load that acts on a curved rope. The load distribution g, along the rope track
s can be shaped differently (1=evenly, 2=triangular, 3=parabolic). The detail sketch in the lower part visualizes
how the differential rope equation can be found by formulating the static equilibrium equations for one part of the
rope.

Legend: F'.,pe = rope force; H = lateral component of rope force; ¢ = angle rope along its track in load direction
measured orthogonally to a connection line between the rope ends.

forward, i.e. in flow direction. This forward deformation tensions the net also at the top edge resulting
in a force in the top support ropes. This effect is not included in the load model because these loads are
clearly smaller (18%) compared to that of the subsequent filling steps. The lower support ropes can be
modelled well for the initial steps (see Fig. 13 and Table 4). The third step describes all measured forces
correctly (on the lower and upper ropes) before the maximum filling level of the barrier is reached and
the overtopping process begins. From this point on, the model overestimates the measured rope forces

by up to 21%.

5.3. Outlook

Considering the above details it should be possible to dimension and design flexible barriers in
torrents against debris flows. Meanwhile, the load model described herein has been shown to be use-
ful for the design of flexible barriers in Hong Kong, see Kwan and Cheung (2012), and Switzerland
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(Volkwein, 2014; Wendeler et al., 2014). The use of the proposed model in engineering design may
eventually result in the development of a suitable design procedure. However, first accurate pressure
coefficients have to be predicted (Canelli et al., 2012; Brighenti et al., 2013; Kwan et al., 2014). Exam-
ples as shown in Kwan et al. (2014) already show the principle usability to model the filling process.
The load model now also can be implemented in finite element software for the structural analysis
of ringnet barriers, e.g. FARO (Volkwein (2004) in German; Volkwein (2005) summary in English).
This software was originally developed for flexible rockfall barriers containing the same structural
components — ringnets, support ropes, energy absorbers and anchors. The software has been extended
to include the distributed debris flow loads, rather than the highly dynamic and concentrated rock fall
impacts. This makes the calculation of forces in these barriers efficient to handle by hazard engineers.
Of course, the up to now rather simplified model presented can be improved using advanced numer-
ical methods. E.g. the interaction of debris flow and barrier nowadays perfectly can be modelled using
Fluid-Structure-Interaction (FSI) codes as shown in Boetticher (2013), Albaba (2015) or Leonardi et
al. (2016). These coupling simulations promise best results if paired with simulations of the debris
flows using special codes such as the RAMMS model (Christen et al., 2012). Further testing of course
helps to clarify more clearly the drag effects from real material (mostly granular range). A possible
reduction of the acting earth pressure compared to a full pressure using an earth pressure coefficient
K =1 can be studied through additional field measurements especially if the barrier is overflown by
the debris flow. The de-watering capabilities of the barrier probably will have a large influence. Fur-
ther, the current model fully neglects time influence during the filling process which can be improved.
Additionally, the static weight of the debris is not considered up to now because we assume that the
filled barriers might fully rest on the ground. However, different structures will require to take the self-
weight into account. For example, this would be the case, if a net barrier is placed along the front edge

of a concrete check dam.

6. Summary

We described the development of a simplified model for designing flexible debris flow barriers.
The significant parameters for a load model were obtained from laboratory tests and an according
dimensionless analysis. The well-fitting load model was chosen by comparing predicted forces in the
support ropes with the measurements within a full-scale net barrier during debris flow events in a
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natural river channel. The two cornerstones of the design procedure are the assumptions of a dynamic
drag proportional to the velocity squared and a hydrostatic pressure distribution within the flow at rest

and during motion.

We estimate the obtained pressure coefficients obtained from laboratory tests as suitable to evaluate
the laboratory experiments. However, for field conditions we recommend to handle such coefficients
carefully, because there are not yet field measurements available for comparison. So, there are not yet
sufficient independent measurements to confirm or refute the different scaling approaches. We therefore
recommend a more conservative approach with a coefficient of ¢,, = 0.7 for mud flows and 2.0 for

granular flows.

When a debris flow is confronted with a barrier spanning the torrent width, we assume the applied
load is evenly distributed over the barrier. This result is derived from the back-calculation of the rope
forces and deformations. It appears that stress concentrations induced by debris jamming, or other force

redistribution mechanisms, are therefore compensated considering the influence on the total area load.

The pressure distribution is largely hydrostatic. It can be seen in Figure 11 that the loads measured
in the field increase over time when the barrier gets filled. Due to the fact that the oncoming debris
has an approximately constant flow depth after the arrival of the flow front it exerts a constant hy-
drodynamic load. Hence, the increase of the loads in the support rope of a flexible barrier is mainly
dominated by the already stopped debris in the net. The normal pressures are primarily a function of
the flow depth and density. The selection of an appropriate density might therefore be one of the most

uncertain parameters in the design procedure.
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