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A monitoring barrier for investigating debris flow/structure/ground
interactions

G. Nagl, R. Kaitna, J. Hiibl

Institute of Mountain Risk Engineering, University of Natural Resources and Life
Sciences, Vienna, Austria, georg.nagl@boku.ac.at

Alpine regions are exposed to different mass wasting processes, including debris flows,
landslides, and rock fall. Debris flows are highly mobile gravity driven mixtures of
sediment and water. The combination of high velocities and the capacity to carry large
boulders endangers human lives and infrastructures. For the design of mitigation measures
a realistic design value of the expected impact pressure is required, but not yet available.
Due to the destructive power of debris flows real scale data are rare. For this reason, a new
monitoring barrier was built in the Gadria creek in South Tyrol, Italy, to measure the
interaction between debris flows, the engineering structure and the ground. In total more
than 50 sensors were installed measuring flow properties like flow depth, normal stress,
shear stress, pore fluid pressure and the internal velocity profile, as well as the impact
pressure onto the barrier structure. In the first year of operation (2017) two small debris
flows were recorded with a maximum flow depth of around 1 to 1.5 m. Variations of flow
depth go in line with normal stress and fluid pressure. For the two events densities ranged
from 1,800 to 2,000 kg/m? and for some sections of the flow the material was close to
liquefaction. Though flow depth and velocities were rather small, impact pressures were
up to 40 kPa. The outcomes from our monitoring efforts will improve engineering design
criteria and may also provide a benchmark for debris flow model testing.

debris flow, monitoring, check dam

KoHTponbHO-U3MepuTenbHbIN bapbep Ana uccnenoBaHus
B3aMMOAEUCTBUSA CeNnsA C COOPYKEHMAMMN U 3eMHOM
MOBEPXHOCTLIO

I'. Haras, P. Kantna, M. X106.1n

Hnemumym undicunupunaa 20pHblx puckos, Ynusepcumen npupoonbix pecypcos u Hayk
o arcusnu, Bena, Ascmpus, georg.nagl@boku.ac.at

Anbnuiickue paiioHbl TOABEPrarOTCS PA3IUYHBIM IPOLECCAM MACCOBBIX CMEIEHHUH
Mmarepuana, TakMUM Kak CelH, OIOJN3HM W oOBambel. CenM INpeACTaBiIsIOT Cco00H
BBICOKOMOOWJIBHBIE CMECH HaHOCOB M Bojbl. CoueTaHHe BBICOKHX CKOpPOCTEH U
CIIOCOOHOCTH TIE€PEHOCHTh OOJIBIINE BAJTYHBI CTaBSAT IO Yrpo3y >XHM3Hb JIOJEH W
uHdpactpykrypy. s pa3paboTkm Mep IO CMsr4eHuro TpeOyeTcs peanrcTHIHOe
pacueTHOe 3HAYEHHE OXHJIAEMOIO YIapHOro AaBieHHs. M3-3a pa3pylIMTENbHOW CHIIBI
00JIOMKOB peaibHble JJaHHBIC PEaJbHON BEIMYMHBI AABJICHUS PEIKO YAAETCS IOJIyYHTh.
ITo ato0it mpuunnHe B pycne ['anpuu B OxuoMm Tupone, Wranus, 6bu1 OCTpOEH HOBBIN
Gapbep Al U3MEPEHUs] B3aUMOAEHCTBUSI MEXKAY CEJICBHIMH MOTOKaMHU, WHKCHEPHBIMHU
KOHCTPYKUMAMH U 3emiield. Beero 6buto ycraHoBiieHo 6osiee 50 qaTunkoB, U3MEPSIFONINX
TaKhe CBOMCTBA IIOTOKA, KaK INTyOMHA, HOPMAJIbHOE HalpsbKeHUE, HaNpsDKEHUE CIBHTa,
JIaBJICHUE TOPOBOW >KMIKOCTH M NpO(MiIb BHYTPEHHEH CKOPOCTH, a TaKKe yIapHOe
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JlaBJicHHe Ha OapbepHYyl0 KOHCTpyKuMio. B mepsblii rog paGorsr (2017 r1.) ObLIM
3apETUCTPUPOBAHBI JIBa HEOOJNBIINUX CEIsl ¢ MAKCUMAIILHOU TITyOMHOM MOTOKa OKOJO 1-
1,5 m. Bapuarnuu riyOuHBI TOTOKA HAYT B COOTBETCTBUU C HOPMAIILHBIM HAMPSHKCHUEM U
JTABJICHUEM SKUIKOCTH. J{JIsl ABYX COOBITHIA INIOTHOCTH cocTanisia ot 1800 go 2000 Kr/m°,
a Ha HEKOTOPBIX y4acTKax MOTOKa MaTepuall ObLT OJIU30K K CKMKCHHUIO. XOTs TIIyOrHA U
CKOPOCTh MOTOKA OBLIM OTHOCHUTEIHFHO HEOONBIIUMHU, YAAPHOE IaBICHHE COCTABISIIO 10
40 xITa. Pe3ynpTaThl HAIIUX MOHUTOPHHIOBBIX Pa0OT yJIydIIaT KPUTCPUU WHKEHEPHOTO
MPOEKTUPOBAHUS U MOTYT TaKXkKe CTaTh 3TAJOHOM JUIsl TECTUPOBAHUSI MOJEIH CEJIEBBIX
ITOTOKOB.

celtb, MOHUMOPUH2, KOHMPOJLHO-UIMEPUMENbHbIL bapbep

Introduction

Monitoring represents the backbone of investigations of the scientific community on
mass wasting processes like debris flows. The observation of real events provides high quality
information of essential parameters like rainfall thresholds or depth of discharge and gain
essential insights to general behavior. The information from monitoring stations helps to guide
the development of simulation models and to improve hazard assessment.

For the design of structural mitigation measures the knowledge of flow depth, density,
velocity, impact force and total discharge are needed [Arattano & Marchi, 2000]. Since debris
flows are mixtures of sediment and water the impact forces are expected to comprise the
dynamic fluid pressure as well as single impact forces by particles. The measurements of these
parameters pose a challenge for the scientific community. Only some efforts were done in the
past to quantify these parameters in real scale [e.g. Hu et al., 2011; Zhang, 1993; Suwa et al.,
1973; Bugnion et al., 2012].

Following a hydrodynamic approach, the main factors of the impact pressure (P in N/m?)
are density p in kg/m?®), velocity (v in m/s), and an empirical coefficient o which takes into
account the impacts of grains additionally to the fluid pressure. This coefficient typically varies
between 0.4 and 2 in real scale applications and up to 12 in small scale experiments.

P=a-p-v? 1)

Furthermore, several studies relate the impact forces of debris flows to the Froude
number [e.g. Hiibl et al., 2009, Armanini et al., 2011]. By determining the effect of the Froude
number (ratio of inertial forces to gravitational forces), Hiibl et al., [2009] illustrate by
analysing a scale free relationship of the normalized empirical value of the hydrodynamic
model and the normalized impact forces, that the hydrodynamic model does not perform well
by low Froude regimes. Overall, these studies highlight the need for data densification of real
scale debris flow impact in low Froude regimes, to investigate the complexity of impact forces.

Method

In 2016, a monitoring barrier was built to investigate the check dam/debris flow
interaction. The check dam is situated in the Gadria torrent in South Tyrol, Italy, which is prone
to frequent debris flow events due to a high sediment availability in the upper catchment [Comiti
et al., 2014]. More than 50 sensors were installed measuring flow properties like flow depth,
normal stress, shear stress, pore fluid pressure and the internal velocity profile, as well as the
impact pressure onto the barrier structure [Nagl! & Hiibl, 2017].
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Fig. 1. Monitoring Barrier with fourteen load cells on the front

The monitoring barrier consists of a single concrete element covered with steel plates in
the middle of the channel with fourteen load cells on the front of the barrier. The load cells can
measure impact pressures up to 2,000 kN, see Fig. 1. The sampling frequency of each load cell
is 19,200 Hz. To measure the normal force, one force plate was installed in front and one 2 m
aside of the barrier, both recording with a sampling frequency of 2,400Hz. Additionally,
ultrasonic sensors above the force plates are used to determine the flow height.

Two debris flows were successively recorded with a maximum flow depth of around 1
to 1.5 m in the year 2017.

Data

Herein, we present preliminary results of in-situ measurement of the first events in 2017.
The first debris flow was triggered on the 10th of July 2017 during an intense, short duration
rainfall of about 12 mm. The hydrograph of the debris flow was marked by one main surge
(Fig. 2a). The antecedent part was characterized by a steep boulder-rich front, followed by a
more dilute tail with fewer boulders visible on the surface. Video analysis showed that the
surface particles moved faster than the bulk velocity and were thus transported to the front. At
the front small boulders were overrun, and bigger particles pushed forward, similar as described
by Pierson [1986]. From the video recording and measurements of the basal pore fluid pressure
we assume that the interstices between the solids were filled with muddy slurry.

The density, which was calculated from the normal stress and flow depth measurements
decreased from more than 2,000 kg/m* at the front to 1,500 kg/m?® at the tail of the flow,
illustrated in Figure 2b. This observation is in accordance with other monitoring results

[McArdell, 2016; McCoy et al., 2013], and is related to the focusing of large particles at the
front.
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Fig. 2. Flow depth (a) and density (b) of debris flow event on 10th of July 2017

Particle tracking based on the digital video material was carried out to determine a time
series of surface velocities. We find that the surface velocity first quickly increased to a value
of around 1.3 m/s, and then decreased to fluctuate around 1 m/s (Fig. 3).
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Fig. 3. Surface velocity during the impact

During the event, four load cells were exposed to the flow and measured impact pressures
at different heights. A moving average filter of 19,200 smoothed each time series to reduce the
high noise and the influence of particle impact (Fig. 4). The maximum impact force values and
corresponding stress values (by dividing impact force with the area of 0.031 m? of the load
plate) are shown in Tablel. The lowest load cell 1 shows the highest forces at the beginning up
to 1 kN. At increasing height of the load cells the impact forces decrease.
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Fig. 4. Impact pressure.
Table 1. Measured impact force and impact pressure of four load cells.
Load cell 1 | Load cell 2 | Load cell 3 | Load cell 4
Max. impact force [N] 1,058 917 551 754
Max. impact pressure [N/m?] | 33,710 29,214 17,558 24,042

We also back-calculated the empirical coefficient a for the hydrodynamic impact model
for the four loads cells by rearranging equation 1. Taking the derived density and the velocity
during the impact into account, o ranged between 5.2 and 10.0, illustrated in Table 2. The
Froude number of this event was about 0.38.

Table 2. Empirical value a of the hydrodynamic impact model.

Load cell 1

Load cell 2

Load cell 3

Load cell 4

a | 100

8.6

5.2

7.1
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Discussion

Data from previous studies based on small-scale experiments [Scheidl et al., 2013; Cui
etal.,, 2015; Zanuttigh & Lamberti, 2006; Kim et al., 2013, Hiibl & Holzinger,2003; Watanabe
& lkeya, 1981] and real-scale measurements [Bugnion et al., 2012; Hu et al., 2011] suggest a
dependence of the empirical value on the Froude number. The data from this study show high
back-calculated empirical value for the hydrodynamic model in Fig. 5 in the low Froude regime
and indicate a problem of the hydrodynamic model in low Froude regimes.

16
15 @ Scheidl etal 2012
14 | == Cui etal. 2015 (max. Values)
13 F /\  Bugnion 2012
12 I ° + Cui et al. 2015 (only slurry pressure)
NC- 3 ¥¢ Huet al. 2011 (only slurry pressure)
2 MNr o FH  Hiibl and Holzinger 2003
w 10 -m® gL Zanuttigh and Lamberti 2006
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3 9 —. . Gadria Event on 10th of July 2017
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Froude Number Fr

Fig. 5. Froude number vs empirical value

There is abundant room for progress in determining further investigations to illuminate
the connection of the Froude number on the dynamic behaviour of debris flows.

Conclusion

In this paper, we present the first preliminary results of in-situ measurement of the debris
flow impact pressures in the Gadria torrent. The small event showed densities from 2,000 to
1,500 g/m? and velocities up to 1.3 m/s at the front. Impact forces on the front were up to 1 kN.
The measured forces highlighted the problem of the empirical coefficient of the hydrodynamic
model in low Froude regimes. Further in-situ real time measurements also will help to densify
the database of real scale debris flows and improve hazard assessments.
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