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Georg Nagl

Abstract Rapid mass movements, such as debris flows, endanger
alpine areas due to their destructive nature. In order to counteract
these dangerous flows, it is necessary to design appropriate mitiga-
tion measures. A particular problem is the run-up of debris flows
that impact on such structures. We provide in situ measurements
of the run-up of three natural debrnis flows, each with multiple
surges, in Gadria Creek, resulting from interaction with a mid-
channel structure monitoring station. Four models were checked
against data from other studies and the in situ measurements of
the natural debris flows. The natural debris-flow measurements are
all located in low Froude areas (Fr <3) typical of Alpine granular
debris flows. Sediment-laden pre-surges with Froude values greater
than 2 produced the largest run-up factors in terms of run-up
heights standardized to flow heights. Nevertheless, ensuing debris-
flow surges exhibited a notable granular behavior and occurred at
low Froude values. The findings indicate that the use of an energy
conservation-based prediction model yields the most accurate
estimates of the observed run-up factors. However, this smooth,
gradual run-up can also be enhanced by preceding debris deposi-
tion and the formation of ramps. This can also prevent the forma-
tion of a reflection or shock wave, as assumed in models based on
conservation of mass and momentum. These models have mainly
overestimated the run-up factors of the observed debris flows.

Keywords Debris flow - Run-up - Gadria catchment

Introduction

An underrated problem in engineering practice is the run-up of
debris flows against obstacles to ensure retention capacity and
structural safety. Few practical guidelines provide an approxima-
tion for estimating potential run-up heights (e.g., Lo 2000; Kwan
2012), and these models predict debris-flow run-up based on dif-
ferent approaches tested by small scale experiments and simula-
tions (e.g., Ng et al. 2017; Rickenmann et al. 2019; Song et al. 2021).
However, results are often compared using the Froude number, the
dimensionless ratio of gravitational and inertial forces (Eq.1) (e.g.,
Iverson et al. 2016; Rickenmann et al. 2019).
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In Eq.1,h,and v, denote the height and velocity of the incoming
flow, and g accounts for the gravitational acceleration. It is impor-
tant to note that the use of the Froude number to characterize
debris-flow processes (either from real events or based on experi-
ments) assumes kinematic similarity, i.e., that the velocity at any point

- Johannes Hiibl

Real-scale measurements of debris-flow run-ups

« Chrristian Scheidl

o)

Check for
updates

in the model flow is proportional to a constant scale factor. No account
is taken of the various stresses that may characterize the flowing mix-
ture nor of the disproportionate effects of drag forces and time scales
(Iverson 1997; Iverson et al. 2016). Particularly for debris flows in the
low Froude regime (Armanini et al. 2020; Song et al. 2021), where
bulk resistance is often either frictionally or collisionally induced,
anisotropic, i.e., non-hydrostatic, stress conditions appear to prevail
during run-up processes (Scheidl et al. 2019; Nagl et al. 2021). Some
experimental investigations also indicate different resisting processes
atlower Froude regimes that are influencing the run-up of debris flows
(Rickenmann et al. 2019; Armanini et al. 2020). As frequently reported
from field observations (Pierson 1986; Marchi et al. 2002; Hu et al. 20115
McArdell et al. 2023; Lapillonne et al. 2023), such debris flows, whose
dynamics can be characterized by Froude numbers between 0.2 and
3, are reasonably common (Fig. 1).

However, run-up models are mainly validated by small-scale
experiments (e.g., Choi et al. 2015; Rickenmann et al. 2019) where
the range of Froude number is often higher than in natural debris
flows (Phillips and Davies 1991). To this end, there are no real-time
measurements of natural debris flows available to validate pre-
diction models for run-up estimations. In this paper, we present
real-time measurements of natural debris-flow run-ups on a moni-
toring structure together with related flow characteristics. Three
debris flows with multiple surges were used to analyze the run-up
against a vertical monitoring structure, providing a solid database
for investigating and analyzing existing run-up prediction models.
The presented real-time run-up measurements are further com-
pared with existing data of run-up experiments from literature.

Debris-flow run-up models
In the following, we briefly present three main approaches (Fig. 2)
for estimating the run-up height of debris flows. The first two mod-
els, based on energy and mass momentum conservation, refer to the
run-up at a vertical obstacle. The third model refers to the potential
run-up height of a counter slope, which in this study is assumed to
be normal to the flow direction.

All described models are estimating the run-up factor, the rela-
tion between run-up height (H), and incoming flow height (h,).
They all indicate a dependency on the Froude number.

Energy conservation principle (point mass model)
The most used method to predict the run-up height H is based on

the energy conservation principle, where all kinetic energy of an
infinitesimal rigid body is assumed to convert to potential energy at

Landslides 21 * (2024) | 963


http://crossmark.crossref.org/dialog/?doi=10.1007/s10346-023-02204-6&domain=pdf
http://orcid.org/0000-0002-2420-373X
http://orcid.org/0000-0002-5347-5857
http://orcid.org/0000-0002-5625-6238

| Original Paper

3.0 1 o

251 T

2.0 1

1.5 1

1.0 T

Froude number
|
[
—

—
[eonuosadns

0.5 1 L l

[eanuagns

N (&)
N & @'\\
v Vv o
N . S
> rb\ QQI N
> X2 N
R & DA
W o <
S N
O
%\\0
N

Fig. 1 Measured Froude numbers of natural debris flows

impact. This classical approach does not account for any basal friction
and is rooted in hydraulic theory (Chanson 2004).

H Fr?
—=1+—= (2)

hy 2

The assumption of energy conservation is reasonable, if a
smooth gradual run-up can be expected during impact. Based on
a comprehensive energy model for debris flows (Pudasaini and
Kroner 2008; Pudasaini and Domnik 2009), Faug (2021) proposed
an extended run-up prediction model by accounting for anisotropic
stress (k) and bulk flow (p) variations between the incoming (k,, p,)
and impacted (k,, p,) flow. Here, k reflects a stress coefficient often
corresponding to Rankine’s earth pressure theory—reflecting the
ratio of normal to longitudinal stress conditions.

H 1 po( Frz)
—=——|k + —
) 1 P (3)

Point Mass model

Momentum jump model

%,

this contribution

In this study, we assume that the stress coefficient due to the
impact k, is greater than the stress coefficient of the inflowing mass,
which we define as k, = 1 for further analyses.

Scheidl et al. (2023) recently determined high variability in bulk
density ratios upon impact based on small-scale debris-flow experi-
ments. On average, they observed 20% higher bulk densities at
impact for granular debris flows and even higher for debris-flow
mixtures with a high proportion of fine material. However, bulk

density ratios between inflowing and impacting flows have not

yet been fully explored and uncertainties are still hlgh Thus, for
this study, we assume ,;_ =1
1

Based on these assumptions, Eq. 3 can now be written,

H Fr?

PR (32)

whereas the run-up factor depends beside the dynamic flow on the
anisotropic stress condition, reflected by k,.

Smooth momentum flux model

Fig.2 Sketch of different conceptual approaches to modelling the run-up height of debris flows

964 | Landslides 21 * (2024)



Mass and momentum conservation principle (moment jump model)

The run-up height can also be estimated by assuming a balance of
mass and momentum between the incoming and impacting flow.
The compression of a continuous, uniform flow at impact causes a
wave to propagate upwards as a result of an abrupt change of the
macroscopic momentum and the conversion to internal pressure.
With a focus on snow avalanches, Hikonardéttir et al. (2003) and
Jéhannesson et al. (2009) formulated this phenomena, considering
bulk density variations of incoming and impacted flow.

2 -1
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Iverson et al. (2016) adapted the model to debris flows, account-

ing for stress anisotropy. Assuming equal bulk flow densities of the
incoming and impacted flow ? = ICB, Eq. 4 gets to:
1

H Z_E_H H\™ _2r? _
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Armanini et al. (2011) pointed to the dependence of the Froude
number on the behavior of an impacting surge. If the flow regime
is supercritical, a vertical jet is developed; instead, in the subcritical
regime, the flow converts to a horizontal backwater effect or bow
shock wave (Chen et al. 2021).

(4a)

Constant discharge principle (smooth momentum flux model)

Another model based on Takahashi and Yoshida (1979) described
a momentum equilibrium equation by incorporating momentum
flux for coarse-grained debris flows decelerating due to a rapid
change of slope. This model, also known as the leading-edge
model (Prochaska et al. 2008; Takahashi 2014), assumes a constant
upstream discharge, with deposition starting at the point where the
channel abruptly levels out. Iverson et al. (2016) modified the model
by redirecting the flow momentum upslope by centripetal forces,
the basal flow resistance only depending on the adverse slope
(6,), the effective basal friction (¢,), and the precise treatment of

longitudinal to normal pressure ratio by considering anisotropic
stress conditions (k,) at run-up or run-out, respectively.

2
kg3
H (Fr+ S Fr™ cos 01)
n . (5)
T (e
tan6
Like the energy concept-based models, the smooth momentum
flux model considers gradual deceleration of the debris-flow head
instead of an abrupt deceleration associated with a momentum jump.
As described by Iverson et al. (2016), in the limiting case with 8, = 90°,
the absence of a slope-normal weight component implies that no basal
friction is engaged, and the predictions of the smooth momentum
flux model is directly related to the Froude number (Eq. 5a):

o Fr? (52)

Method

Field site

All the measurements presented in this study were carried out on
natural debris flows, using a special monitoring structure in the
Gadria torrent in northern Italy (Nagl et al. 2018). With an area
of about 6.3 km? and an altitude difference from 2950 to 1394 m
a.s.l,, the Gadria torrent is located in a typical, small and steep,
alpine headwater catchment (Fig. 3b). Metamorphic rock and a high
fragment of rocks and glacial deposit lead to frequent debris-flow
events. Near the monitoring structure, the channel has a trapezoidal
form with a fixed channel bed of a longitudinal slope of 6° and a
rock-riprap channel bank. The channel bed is 40 m upstream and
10 m downstream from the structure secured with concrete riprap
to ensure no erosion during a debris-flow event.

Monitoring structure and instrumentation

The monitoring structure represents the main exposed part of a
debris-flow barrier—a typical mitigation measure to protect from
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Fig.3 a Debris-flow monitoring structure, with its size in relation to the channel as well as situation of the ultra-sonic sensors (USS-1, USS-2)
to measure run-up as well as flow height, respectively. b Map of the monitoring site
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mass wasting processes in alpine regions. The structure consists of
a 1-m wide concrete element in the middle of the channel, with a
height of 3 m above the ground (Fig. 3). The structure is connected
to a foundation below the bottom of the channel bed and is secured
by pre-dam, situated upslope. The effective width of the measur-
ing barrier is 1.0 m with a rectangular shape and is in a plausible
relationship to the averaged 5o grain size of 0.15 m and the bed
width of the channel cross-section (8.5 m) of typically observed
debris-flow events at Gadria, which force a run-up by a redirection
of the momentum of the impacted mass.

Measurements of both run-up height (H) as well as flow height
(h,) are based on two vertical-oriented ultra-sonic sensors, which
are situated in front (USS-1) and 2 m aside of the structure (USS-2)
in the transverse direction, respectively (Fig. 3). Both sensors were
sampled at 100 Hz.

Studies have recently highlighted the importance of so-called
“dead zones,” i.e., the accumulation of sediment in the form of a
ramp in front of the obstacle, which mutually influence run-up
observations (Albaba et al. 2018; Faug 2021). The uncertainty of the
influence of ramping cannot be excluded in this study either, as
we cannot detect the processes inside the debris-flow matrix dur-
ing impact. However, we argue that for the observed events in the
Gadria torrent, the influence of a potential ramp is small in relation
to the measured maximum run-up height, as the fluid part of the
debris-flow tail significantly lowers a potential deposit in front of
the measuring barrier before the next debris-flow surge. Splashing
debris is another phenomenon that might influence measurements
of run-up heights, especially in very fine-grained debris flows
with higher flow dynamics—which contrast with the debris flows
observed in this study (c.f. Fig. 1). To limit the influence of splashing
debris, the raw flow height data measured at 100 Hz were binned to
1Hz (c.f. Nagl et al. 2020).

Additionally, a Mobotix M15 was used to determine the surface
velocity by manual particle tracing. It should be noted that there
will be a degree of uncertainty in the calculation of surface speed
due to the variation in frame rate (Theule et al. 2018). In 2019, a
second camera (Dahua., IPC-HFW5231E-Z12E)—only used for vis-
ual observations—was installed. Both cameras are equipped with
infrared spots for day and night observations and are mounted on
the side of the structure.

Results

Debris-flow events

This research is based on three observed debris-flow events which
occurred in three consecutive summers from 2018 to 2020—trig-
gered due to convective rainfalls (Tables 1, 2, 3,and 4).

The first event was observed on 21 July 2018 and exhibited sev-
eral surges with a maximum flow height (4,) of around 1.5 m and
velocities up to 3.6 m/s. The second debris-flow event was observed
on 11 June 2019, and again multiple surges could be observed with
flow heights (h,) up to 2.5 m and velocities of 4.2 m/s. The third
debris flow could be observed on 2 August 2020, with a maximum
velocity of around 8.2 m/s and flow heights (h,) of around 2.3 m.

All three debris-flow events showed a sediment-laden pre-
cursory surge (c.f. Fig. 4), which exhibited a pronounced run-up
due to the considerably higher liquid content compared to the
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following main debris-flow surges. All main debris-flow surges,
however, showed the typical granular front with intermediate finer
debris. While a reasonably comparable sequence of debris-flow
surges can be observed in both the 2018 and 2019 events, the 2020
debris-flow event reveals an inactive phase of about 20 min follow-
ing the first main debris-flow surge (Fig. 4). For the 2020 debris-
flow event, additionally, a boulder was deposited in front of the
barrier during the first main debris-flow surge and remobilized
after the inactive phase.

It is acknowledged that deposited material in front of the bar-
rier can influence the flow depth differences. For this reason, we
excluded the last three surges of the 2018 event at time steps 655 s,
680 s, and 700 s. In this case, a visual assessment revealed that the
surges were excessive due to a subsequent surge (c.f. Fig. 4).

In general, our observations indicate that run-up can be distin-
guished by the different surge characteristics. The run-up heights
created by the precursory sediment-laden surges are up to nine
times greater than the impacting flow height, while the run-up fac-
tors of the main debris flows are about four, at similar Froude num-
bers. We therefore differentiate in this study between precursory
surges and debris-flow surges to highlight the transition of flow
types, based on our observations.

Comparison of run-up factors ( ;.i )
0

In this study, we calculated run-up factors for 7,15, and 20 main
debris-flow surges during the 2018, 2019, and 2020 debris-flow
events, as well as for the sediment-laden precursory surges of the
2018, 2019, and 2020 events.

In Figs. 5 and 6, we compare the run-up factors, as observed in
this study, with those predicted by theoretical models (Egs. 2-5),
based on the associated Froude range. In addition, we display
run-up factors from experiments conducted by Armanini et al.
(2020), Rickenmann et al. (2019), and Song et al. (2021) (inlets
in Figs. 5 and 6). Armanini et al. (2020) investigated the impact
behavior and run-up of pure water (W1) and water sediment
mixtures (M1). Rickenmann et al. (2019) applied three different
water-sediment mixtures (M2_1/M2_2/M2_3) to mimic debris-
flow material, with M2_1 the muddiest mixture and M2_3 the
most granular mixture. For this study, we combine the datasets
to M2. The run-up dataset from Song et al. (2021), denoted with
M3, is based on mono-sized glass beads dispersed in a Newto-
nian fluid (glycerol-water-mixture). All three studies cover a wide
Froude range up from o.1 to 8.62. However, only the study of Song
et al. (2021) showed some data in the Froude range below 1.

Figure 5 shows observed run-up factors and those pro-
posed from the literature with predicted run-up factors for the
respective Froude ranges, based on energy conservation (Egs. 2
and 3a).

From Fig. 5,it is notable that the simple mass point model, based
on energy conservation (Eq. 2), predicts quite well the observed run-
up factors in the lower Froude regime (Fr < 1.5). The run-up factors
given from the literature can also be mapped with the modified mass
point model (Eq. 3a) accounting for different stress anisotropies at
impact (0.7 < k; < 2).Only the proposed run-up factors of Song et al.
(2021) show generally higher run-up factors compared to all other
presented run-up factors at higher Froude ranges (Fig. 5 inlet).
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Fig.4 Flow depth measurements of three debris flows from 2018 and 2020 in the Gadria torrent. The black line shows flow depth measure-
ments beside the barrier (flow height 1) and the grey line in front of the barrier (flow height 2). Before each debris flow, a sediment-laden

precursory surge (Pre.S) was observed

Figure 6 compares the observed run-up factors and the run-up
factors suggested from the literature with the predicted run-up fac-
tors for the respective Froude ranges, based on mass and moment
conservation (Egs. 4a and 5a).

In Fig. 6, the applied theoretical model based on mass and
momentum conservation (Eq. 4a) overestimates the observed
run-up factors even when different anisotropic stress conditions at
impact are considered (0.7 < k; < 2). However, the smooth momen-
tum flux model (Eq. 5a) based on the constant discharge principle
achieves a better approximation.

To assess the performance of the applied theoretical models
(Egs. 2-5a) regarding the observed run-up factors, we estimated
the root-mean-squared-error (RMSE), given by:

RMSE = (6)

In Eq. 6, ¥, and y, refer to the predicted and observed run-up
factors, respectively. The number of all observations is given by
n. Table 1 lists the RMSE results of the different applied model
approaches, once by using the dataset of main debris-flow surges
only, and once by accounting also for the sediment-laden precur-
sory surges.

The results in Table 1 generally show that the predicted run-
up factors are diverging from the observed run-up factors when

sediment-laden precursory surges are considered. For RMSE values
greater than one, it can be assumed that the prediction model can-
not reproduce the observed data at all.

In principle, the extended point mass model (Eq. 3a), based on
energy conservation and accounting for k; = 1.3 and with precur-
sory surge k; = 1.1, reproduces the observed data best; it seems that
a general consideration of anisotropic stress conditions improves
its performance. This is different with the momentum jump model
(Eq. 4a), where a reduce in performance is achieved if k; < 1is
considered. The reduced smooth momentum flux model (Eq. 5a),
however, shows a medium performance compared to both the point
mass as well as momentum jump models with k, = 0.7.

Discussion
All observed events showed two different surges that have transi-
tions in flow composition. It is only after a precursory sediment-
laden and fluid dominated surge when a sequence of mainly granu-
lar debris-flow surges occurred. While most of the main debris-flow
surges were observed at Froude values below 2, the sediment-laden
precursory surges exceeded Froude values of 2. The two surges
appear to differ significantly in their rheological characterization.
In the sediment-laden precursory surges, the liquid phase
appears to be the dominant component, recognizable from
the higher mobility and the tendency to splash. Here, it can be
assumed that bulk flow resistance is controlled by viscos forces
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Fig.5 Observed run-up factors of the three debris-flow events 2018/2019/2020 as well as predicted run-up factors from theoretical energy
conservation models (Egs. 2 and 3a) for the associated Froude ranges. The inlet displays the same data together with the experimental results
as given by Armanini et al. (2020), Rickenmann et al. (2019), and Song et al. (2021) for an extended Froude range

acting between the liquid phase of the debris flow and the sus-
pended particles. It is therefore obvious that in the event of an
abrupt change in momentum due to impact, the resulting run-up
height cannot solely be explained by mechanical energy conserva-
tion, but rather by the approach of mass and momentum conser-
vation with the description of a reflecting wave or a vertical jet
(c.f. Fig. 2 center). Because of the limited data on sediment-laden
precursory surges, it is not possible to discuss the performance of
the different run-up prediction models used in this study. How-
ever, the associated run-up heights or, as proposed in this study,
the normalized run-up factors are in a good agreement with the
run-up factors found in literature.

For the main debris-flow surges, either frictional, collisional,
or rather viscous-induced bulk flow resistances can be assumed—
depending on the rheological characterization. A precise distinction
which mechanisms of bulk resistance are predominant for the consid-
ered debris flow can be determined with dimensionless numbers, in
particular Savage and Bagnold numbers (Iverson 1997; Sanvitale and
Bowman 2017). However, this requires detailed flow parameters for
which to this end, the collection is not yet realizable. Run-up estima-
tions for debris flows with mainly viscos behavior might, in princi-
ple, be best approximated by models based on mass and momentum
concepts. Frictional or collisional induced resistance to flow causes
a higher influence of particles in the moving mixture, which is why
these conditions are often attributed to granular debris flows at lower
Froude numbers. In this case, the sudden change in momentum on
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impact and the resulting run-up height is rather gradual. Thus, mod-
els based on energy conservation or considering boundary conditions
such as basal friction might result in better run-up predictions.

The comparison of observed run-up from main debris-flow
surges with prediction models based on energy conservation seems
to be plausible, especially in the low Froude ranges (Fr <3). This
confirms the assumption of Faug (2021) and is consistent with the
experimental results of Scheidl et al. (2023), according to which
granular debris flows in low Froude areas show low energy dissipa-
tion due to a smooth, gradual run-up. Further, the consideration
of the stress anisotropy with 0.7 < k; < 2 in energy conservation-
based prediction models (Eq. 3a) envelops the scattering of the
observed run-up factors as well as the run-up factors given from
the literature with increasing Froude number.

The prediction model based on mass and momentum conserva-
tion (Eq. 4a) rather overestimates the observed run-up factors of
the main granular surges at lower Froude ranges and underesti-
mates the values quoted from the literature at higher Froude ranges.
Here, a better prediction performance of the observed run-up fac-
tors seems to be achieved under the assumption of anisotropic
stress conditions k; > 1.

The reduced smooth momentum flux model (Eq. 5) sig-
nificantly underestimates the observed run-up heights from
the main debris flow. However, as shown by Rickenmann et al.
(2019) and extended in this study with run-up data from litera-
ture, the smooth momentum flux model appears to provide the
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Fig.6 Observed run-up factors of the three debris-flow events 2018/2019/2020 as well as predicted run-up factors from theoretical mass and
momentum conservation models (Egs. 4a and 5) for the associated Froude ranges. The inlet displays the same data together with the experi-
mental results as given by Armanini et al. (2020), Rickenmann et al. (2019), and Song et al. (2021) for an extended Froude range

conservative estimate of run-up heights (upper bound of theo-
retical models) for values of Fr larger than about 2.

According to Fig. 5 and Table 1, a best-fit of the observed run-up
factors is given by the extended point mass model (Eq. 3a) consider-
ingk, = 1.3 for debris flows and with precursory surges k, = 1.1. This

indicates a compaction of the mass (induced increased bulk resist-
ance), which leads to lower run-up measurements at similar Froude
numbers. However, it should be noted that the monitoring structure
is passable and wide enough to cause a lateral deflection of part of the
flow; thus, the increased kinetic energy due to the dilatant behavior is

Table 1 Performance of theoretical run-up models, given by root-mean-squared-error (RMSE), when predicting observed run-up factors
of both the main debris-flow surges only and the main debris-flow surges together with sediment-laden precursory surges. The results are
ranked according to the RMSE values of the main debris-flow surges

Principle

RMSE

Main debris-flow

Main debris-flow + precursory

surges surges

Point mass extended Energy cons 0.59 (k=1.3) 0.68 (k=1.1) (3a)
Point mass Energy cons 0.71 0.84 (2)
Point mass extended (k, = 2) Energy cons 0.84 1.18 (3a)
Moment jump (k, = 2) Mass and momentum cons 0.87 1.12 (4a)
Smooth Momentum flux Const. discharge principle 0.95 1.25 (5a)
Moment jump (k; = 1) Mass and momentum cons 1.25 1.31 (4a)
Point mass extended (k;, = 0.7) Energy cons 1.37 1.40 (3a)
Moment jump (k; = 0.7) Mass and momentum cons 1.55 1.55 (4a)
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Table 2 The debris flow of 2018 run-ups of eight surges. Flow depth above force plate 1 (beside the barrier) and above force plate 2 (in front
of the barrier) with the maximum surface velocity. The run-up factor and Froude number of the impacting surges (numbers in bold emphasis
are excluded)

Surges, time Flow depth 2 (H) Flow depth 1 (k) Surface velocity Run-up factor (H/h;)  Froude
number
(Fr)
(m) (m) (m/s) ) )
446 1.91 1.39 3.61 1.38 0.98
490 1.14 0.88 2.76 1.61 0.94
518 1.47 0.81 3.03 1.80 1.07
547 1.61 0.68 3.33 2.38 1.28
590 1.34 0.73 3.03 1.83 1.13
613 1.47 0.69 2.95 2.13 1.13
631 1.18 0.66 3.38 1.79 1.33
658 1.95 0.57 2.11 342 0.89
666 237 0.58 2.96 4.08 1.24
700 1.63 0.49 2.78 3.32 1.26
Precursory flash-flood
403 248 0.27 6.25 9.18 3.84

Table 3 The debris flow of 2019 run-ups of 15 surges. Flow depth 1 (beside the barrier) and flow depth 2 (in front of the barrier) with the
maximum surface velocity. The run-up factor and Froude number of the impacting surges

Surges, time Flow depth 2 (H) Flow depth 1 (hy) Surface velocity Run-up factor (H/h;)  Froude
number
(Fr)
(m) (m) (m/s) ) ()
121 1.91 1.24 4.17 1.54 1.20
158 1.66 1.38 3.57 1.20 0.97
208 1.89 1.37 3.57 1.38 0.97
255 1.65 1.24 4.17 1.33 1.20
282 1.56 1.42 3.13 1.10 0.84
298 1.86 1.41 3.57 1.32 0.96
338 2.20 1.12 5.00 1.97 1.51
378 1.56 1.03 4.17 1.51 1.31
401 2.36 0.94 4.17 2.52 1.38
434 0.95 0.75 2.78 1.28 1.03
447 1.46 0.76 3.13 1.93 1.15
466 1.86 0.80 4.17 233 1.49
499 0.91 0.60 2.78 1.54 1.15
513 2.08 0.65 4.17 3.19 1.65
534 235 0.60 417 3.94 1.72
Precursory flash-flood
73 2.65 0.57 5.5 4.64 2.32
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Table 4 The debris flow of 2020 run-ups of 15 surges. Flow depth 1 (beside the barrier) and flow depth 2 (in front of the barrier) with the
maximum surface velocity. The run-up factor and Froude number of the impacting surges

Surges, time Flow depth 2 (H) Flow depth 1 (k) Surface velocity Run-up factor (H/h;)  Froude
number
)
©) (m) (m) (m/s) ) )
375 1.75 1.38 3.0 1.27 0.82
1645 2.92 231 6.9 1.26 1.45
1701 2.81 2.12 5.6 133 1.23
1716 2.70 23 55 1.17 1.16
1745 2,62 2.07 55 1.27 1.22
1767 294 1.73 8.2 1.70 1.99
1816 2.54 1.88 74 1.35 1.72
1842 2.50 1.84 6.5 1.36 1.53
1868 2.03 1.77 5.2 1.15 1.25
1885 235 1.66 6.0 1.42 1.49
1903 2.11 1.56 5.1 1.35 1.30
1927 2.38 1.16 74 2.05 2.19
1944 1.40 1.31 54 1.07 1.51
1965 1.75 1.12 6.2 1.56 1.87
2005 1.60 1.12 5.5 1.43 1.66
2027 1.00 0.99 4.6 1.01 1.48
2049 1.35 1.27 6.1 1.06 1.73
2068 1.10 1.05 4.1 1.05 1.28
2082 1.17 1.17 4.5 1.00 133
2095 1.10 1.06 4.5 1.04 1.40
Precursory flash-flood
307 3.03 0.3 5.6 10.12 3.26

not immediately verifiable. Another reason for the measured higher
run-ups could thus be the fact that the granular front of the main
debris flow deposits coarse material in front of the barrier, causing the
following waves to “ramp up.” Rickenmann et al. (2019) argue that espe-
cially at low Froude numbers, such a static deposition in front of the
obstacle diverts part of the incoming flow momentum upwards and
prevents the formation of a fully developed reflecting wave as assumed
for the momentum jump model. This might also be the reason why, in
general, predictions based on mass and momentum conservation do
not cover the observed run-up heights well.

Conclusion

In this study, the run-up heights at a vertical obstacle due to sub-
sequent surges of three debris-flow events were determined. The
highest run-up factors, i.e., run-up heights normalized to flow

heights, were observed by sediment-laden precursory surges with
Froude values greater than 2. However, all subsequent debris-flow
surges showed a pronounced granular behavior and occurred
mostly in Froude ranges below 2.

The results also show that a prediction model based on energy
conservation can best reproduce the observed run-up factors.
This suggests that debris flows in low Froude ranges can be
expected to convert kinetic energy to potential energy at the
maximum run-up height, resulting in a smooth gradual run-up.
However, this smooth gradual run-up may also be enhanced by
preceding debris deposition and the formation of ramps, which
may also prevent the formation of a reflection or shock wave as
assumed in models based on conservation of mass and momen-
tum. These models have mainly overestimated the run-up fac-
tors of the observed natural debris flows. The reduced smooth
momentum flux model, which accounts for run-up at a vertical
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wall, is a direct function of the Froude number and reflects a
conservative estimate of run-up heights for debris flows at Fr > 2.
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