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ABSTRACT

Debris flows can cause large damages to infrastructure - especially bridges. In this study, we investigate the influence of wood on debris-flow
impact forces on bridge superstructures by means of miniaturized laboratory experiments. We show that woody debris flows transfer dif-
ferent and larger forces to bridge superstructures than debris flows without wood. Especially the horizontal impact forces are significantly
larger with woody debris flows: the maximum horizontal impact force is up to twice as high as for woody debris flows. Uplift forces occur

during woody debris flow impact that could not be observed with normal debris flow impact in our experiments.

INTRODUCTION

Debris flows, a frequently occurring phenomenon in mountainous terrains, can cause large damages to infrastructure (especially bridges)
and human settlements. Due to climate change, their frequency of occurring is expected to increase in the future (Schlogl et al., 2021), but
even today, bridges are damaged or destroyed on a yearly basis (Friedl et al., 2023). Hence, a high level of knowledge about the mecha-
nism of debris-flow impact on bridges and especially on bridge superstructures is important to minimize damage in the future. Friedl et al.
(forthcoming) investigated this process based on miniaturized laboratory experiments using a debris-flow mixture consisting of sediments
and water. In the study at hand, we have added wood to the mixture, turning them into woody debris flows. Wood is a common element
of debris flows in mountainous regions and may influence the impact mechanism and the forces that occur (Xie et al., 2023).

Friedl et al. (forthcoming) developed a load pattern for debris-flow impact on bridge superstructures, which we use in this study to analyse
the process at hand (Figure 1). They argue that several force components act during debris-flow impact on a bridge superstructure: the sur-
charge force F_ | which stems from material that is deposited on the bridge, the horizontal friction force F_. that may act on the horizontal
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areas of the superstructure, the uplift force Fo which may act on the underside of the deck and the frontal impact force F, with its two
components F and F_, that act on the impacted face of the bridge superstructure. F,, may act either in the upwards or in the downwards

direction, depending on multiple factors and varying with time.
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Figure 1: Theoretical load pattern for debris-flow impact on a bridge superstructure (modified from Fried! et al., Figure 1).

In this study, we investigate the influence of wood on debris-flow impact forces on bridge superstructures by means of laboratory experi-
ments. To this end, we conducted replicates with and without wood in the debris-flow mixture and compared the forces that act on a model

bridge superstructure.

METHODS
The experimental setup from Scheidl et al. (2023) and Friedl et al. (forthcoming) was used to measure the forces that act on a miniature
bridge profile during (woody) debris-flow impact. The featured flume has a total length of 5 m and is constantly inclined at 20°. The semi-cir-

cular flume’s diameter is 30 cm. At the distal end of the flume, a miniature bridge profile is mounted horizontally on two three-axis force
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sensors (ME K3D120) in order to measure the impact forces. The length scale of the experiments is 1:30 and Froude similarity is maintained
to ensure transferability from the model parameters to the full-scale prototype. One single bridge profile, a full slab with cantilevers, was
used for all experiments. It is made from cement and plaster reinforcement and its length normal to the flow direction is 40 cm (model,
prototype: 12 m), width in the direction of the flow is 33 cm (model, prototype: 9.9 m) and total profile height is 2 cm (0.6 m in prototype).
The granular debris-flow mixture consists of 37.5 kg of solids (natural broken grain) and 12.5 kg of water. It was remixed for each replicate
using new material to ensure reproducibility. A total of 20 experiments were carried out, in five of which only the debris-flow material
was used and in the other 15, 0.5 kg of wooden sticks with a diameter of 1 cm (model, prototype: 0.3 m) and lengths between 10 and 20
cm (model, prototype: 3 to 6 m) were added to analyse their influence on the debris-flow impact forces. The dimensions of the logs were
chosen based on the channel geometry (upper limit: channel diameter of 30 cm) and the expected flow height (lower limit, 10 cm). The
prototypical dimensions are consistent with the diameter and length classes which include most of woody debris in volumetric terms as
observed in alpine mountain rivers (Comiti et al., 2006) and are similar to woody debris of debris-flow events in the Wenchuan earthquake
area, described by Xie et al. (2023). Figure 2 shows the experimental setup with depositions after a woody debris flow run (top pictures)

and frames of a video recording shortly before, during and after impact (bottom row from left to right).

Figure 2: Experimental setup with depositions (top pictures) and woody debris flow before, during and after impact (bottom from left to right). Direction of flow indicated by arrows. Channel

inclined at 20°, bridge profile aligned horizontally (0°).

The forces that act on the bridge superstructure during the experiments were measured by means of two three-axis force sensors at the
abutments of the bridge. The recorded forces were postprocessed and filtered in Python, the filtered values of the left and the right sensor
were then added up in order to calculate one force in each direction per timestep (Figure 3): F, (normal to the short side of the bridge), F,
(parallel to the short side of the bridge) and F, (vertical, positive facing up). F, was neglected due to very small measured values. For each
replicate’s timeseries, the maximum horizontal force F;  and the maximum as well as the minimum vertical force ¥, and F, . were
determined. Note that the values for F, can be positive and negative in the timely evolution, the minimum value is therefore the measured
largest negative force in each replicate. Figure 3 contains an exemplary time-force diagram of the Butterworth-lowpass-filtered impact forces
(cutoff frequency: 30 Hz) of one replicate of a woody debris flow. In addition to the forces, the timesteps with the maximum and minimum

values are marked. F_ is included in the figure to illustrate the small measured values that led to the neglection of this component.
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Figure 3: Exemplary time-force diagram with filtered impact forces of one replicate with wood.

RESULTS AND DISCUSSION

To analyse the influence of woody debris in the debris flow, we compared F F and F,  of the trials of debris-flow impact replicates

Y,max > © Z,max

and woody debris-flow (with wood) impact replicates (Figure 4).
As we measure one force-value in each direction in each timestep, we cannot differentiate between the different components of the the-
oretical load pattern in Figure 1. However, when we take the evolution of the forces over time into account the measured forces can be

assigned to the sum of individual force components leading to the following assumptions about the dominant factor. We assume that F

X

is the sum of the horizontal frontal impact force F,,, and the friction force F, . F is a combination of the vertical frontal impact force F,

Fric® © Z,max VA

and uplift forces Fio By is largely attributable to a material deposit on the bridge Flop while the vertical frontal impact force F_, plays

only a minor role (Figure 4, bottom).
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Figure 4: Boxplots of maximum horizontal impact force FY.max (left), maximum vertical impact force FZ,max (middle) and minimum vertical impact force FZmin (right) each for replicates
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without wood (n = 5, grey) and replicates with wood (n = 15, brown).

We found that there is a significant influence of wood on the maximum frontal impact force F

Y,min"

The values for woody debris flows are
up to twice as high as for debris flows without wood, indicating larger frontal impact forces and/or frictional forces. The maximum vertical

impact force F,  is also significantly higher for woody debris flows: while there are only very small measured values for the debris-flow
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replicates, the median value for woody debris flows is around one tenth of the maximum horizontal impact forces. This indicates higher
uplift forces that may occur due to logs impacting the underside of the bridge or a difference in the angle of the frontal impact force. The
results of the minimum vertical impact force F, . show no significant difference between debris-flow impact and woody debris-flow impact.

This implies that the deposition behaviour in our experiments is not influenced by the added wood.

CONCLUSIONS

In this study we have shown that woody debris flows transfer different and larger forces to bridge superstructures than debris flows without
wood. Especially the horizontal impact forces are significantly larger with woody debris flows. We have further shown that uplift forces occur
during woody debris flow impact that could not be observed with normal debris flow impact in our experiments. The deposition behaviour
and in any case the minimum vertical force is not influenced by the addition of wood. As woody debris flows occur quite frequently in

Alpine areas, this is relevant for an enhanced design of bridges in the future.

At any rate, further research is needed in this domain to enable the differentiation of the force components of the load pattern by Friedl et
al. (forthcoming). Additionally, the investigation of different types of superstructure profiles, the implementation of other flume angles and

debris-flow mixtures as well as wood components and parameters could yield new insights.
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