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DISTRIBUTION OF A NATURAL EVENTE11

ABSTRACT
The interaction of debris flows with mitigation measures is a fundamental problem for the design and a key aspect in the safety of mitigation 

structures. Considering that debris flows show great heterogeneity in their temporal and spatial evolution, this is particularly evident for 

impact forces. Due to the low data availability of natural events, most investigations to enhance our understanding of the impact process are 

based on laboratory experiments. Measuring these interactions at the real scale is a challenge for science, but offer a complementary method 

with no scaling difficulties. In this contribution we present data of in situ measurements of natural debris flows that impact a traversable 

monitoring structure centered in middle of a channel. The measurements provide insights in the flow dynamics during the altering flow and 

provide high temporal and spatial resolution data of the impact behavior of natural debris flows.

INTRODUCTION
Debris flows can form steep fronts with a high potential for destruction of settlements and infrastructure. The grain sizes range from clay to 

boulders of several metres, which makes measurements at the full scale challenging. Efforts to quantify these parameters in-situ have been 

limited in the past (Hu et al., 2011; Suwa, 1988; Zhang, 1993). In addition, debris flows undergo a variety of temporal characteristics during 

an event at a specific location, similar as in snow avalanches (Gauer and Kristensen, 2016; Sovilla et al. 2016).  In a debris flow event, a pre-

cursory surge is often observed prior to the fully developed debris flow (Berti et al., 1999; McArdell et al., 2007; McCoy et al., 2010). These 

surges consist of a water-sediment mixture (Church and Jakob, 2020; Pierson, 2005) at higher velocities with strong turbulence (Marchi et 

al., 2002) with a density of approximately 1700 kg/m³ (McArdell et al., 2007). The front of a debris flow is characterized by an accumulation 

of boulders with increased resistance. The resistance of the boulder front can act as a dam for the following debris, which often flows in a 

sequence of surges having a muddier appearance. Variations in velocity and material properties are evident during the event.

In all these parts of a debris flow there are some different impact characteristics. In this way, we provide insights into the dynamics during 

the changing flow and provide high temporal and spatial resolution data on the impact behavior of natural debris flows.

METHODS
The full-scale test site is located in the Gadria catchment (northern Italy), which covers approximately 6.3 km² and varies in elevation be-

tween 2950 m and 1394 m at the top of the fan. Metamorphic rocks and a high debris and glacial sediment content result in high debris-flow 

frequency in the Gadria creek, while the tributary Strimm creek is mainly affected by bedload transport (Cavalli et al., 2013; Comiti et al., 

2014). The channel has a trapezoidal shape with a fixed bed, a longitudinal slope of 6° and a rock-ripple bank. The channel bed 40 m up-

stream and 10 m downstream is secured by a rock-riprap to ensure no erosion during a debris flow event. The structure consists of a 1 m 

wide and 3 m high concrete element, positioned vertically in the centre of the channel and connected to a foundation below the bottom of 

the channel. The second part of the system is a transverse check dam in front of the barrier, which is not connected to the wall and is placed 

level with the bottom. The vertical concrete element holds an array of 14 load cells, measuring impact forces at the frequency of 4800 Hz. 

Details of the instrumentation can be found in Nagl et al. (2020, 2021). 
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Figure 1 : Monitoring structure in the center of the channel with bridge construction. 

For the analysis of the impact force, the time series were processed as follows: 

•	 We processed the data with a wave-let analysis by using a Daubechie function (db4) and decomposed it into 8 levels with a soft 

threshold to eliminate random noise (Cui et al., 2015; Hu et al., 2011). For the load cells, we found no measurable resonance frequency.

•	 The impact force of debris flows can be divided into two different forms of impact depending on the duration of impact. To obtain 

bulk force we separate boulder impact forces and bulk pressure by calculating a binned maximum and median value over one second. 

RESULTS AND DISCUSSION
On August 2nd, 2020, a debris flow was triggered by an intensive rainstorm. First, after an increase in discharge, a more fluvial surge with 

a higher sediment concentration hit the barrier at 19:29:00 UTC (307 sec. in Fig.2). The subsequent debris flow developed with moderate 

velocity. A big boulder was deposited in front of the barrier at 19:30:02 UTC (413 sec.) and blocked the flow height sensor two (~400 sec. 

in Fig. 2).

Figure 2 : Flow height measurement in front of the barrier (grey line) and beside the barrier (black line). 

After this surge, the flow height decreased continuously. Some minor surges could not remove the boulder in front of the barrier and de-

posited more debris in the area around the barrier. At 19:51:18 UTC, (1700 sec.) a surge with 2.2 m flow height re-mobilized the deposited 

material and removed all boulders in front of the barrier (see Fig. 2 and 3). After that several surges hit the barrier, with inter-surge velocities 

approaching zero. At times when the material came to a complete stop, deposition heights of 1 to 0.8 m were measured. Subsequent surges 

reactivated these deposits. This phenomena has been referred to as erosion/deposition waves (Schöffl et al., 2023) (see Fig 2 and 3b).
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Table 1 : Flow parameter of the debris flow event on August 2nd 2020. 

Figure 3 : Snapshots of the video material of the debris flow event (a) accumulated boulder of 2m in front of the barrier and (b) reactivation of deposited material during a surge with a flow 

height of 2.4m. 

We assume that the obtained measurements over a prolonged time are related to a bulk pressure acting on the barrier. The variation of 

pressure readings at each load cell is shown in the box plot in Fig 4a (left axis). To illustrate the acting pressure on the entire barrier, we 

calculate the total force of the bulk pressure for each surge (big circle symbol in blue, right axis in Fig4.a). The precursory surges (colored 

in orange) shows a total force up to 5.4x10^5 N (left axis in Fig. 4a). The highest total forces of the debris flow up to with 8.2x10^5 N were 

reached during the first stage of the event when the front impacted the barrier. Subsequent surges exhibit lower impact pressure values in 

the range of  5.5 to 0.2x10^5N. During the subssequent surges, individual boulder impacts can exeed the total force of the bulk pressure 

(surge at 1903 sec., blue rombus symbol with 3.25x10^5 N).

Figure 4 : Impact force of the debris flow; (a) total force, impact pressure and impact force of boulder impact for each surge and precursory surge. (b) spatial and temporal distribution of 

the impacts for each surge. 

To illustrate the temporal and spatial impact behavior, we calculated the relative impact force as the median binned value of force /maximum 

binned value for each second and compared this with the relative height defined as the height of each sensor normalized by the flow height 

(Fig.4b). The symbol size represents the absolute magnitude of the force and the color (from blue to yellow) represents the time. Hence, 

if the point is close to 1, the maximum value and the mean value are almost the same. This represents a more fluid-like impact. Instead, if 

the relative impact force tends to zero, the maximum and mean value is far apart, which we interpret as a bouldery impact. We find that 
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particulate impacts tend to be in the range of 0.3 to 0.8 of the normalized height.

CONCLUSIONS
Our in-situ measurements demonstrate the high temporal and spatial variability of impact forces of natural debris flows. Our observations 

can be summarized with: 

•	 The granular surge exhibits the highest total forces during a debris-flow event. 

•	 The total force applied to the barrier can be exceeded by short term particle impacts.

•	 The highest particle impacts occurred at 0.3 to 0.8 of the normalized flow heights. 

•	 The precursory surge exhibits an impact forces up to 60% of a granular front due to the high velocity. 
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