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ABSTRACT

The assessment of the sediment load from mountainous catchment during a design plays a crucial role in both hydraulic-engineering and
spatial planning, achieving specific protection goals. However, the quantification of this potential sediment load is still characterized by
significant uncertainties. The aim of this project is to draw conclusions about the influence of selected process- and catchment-related
parameters on the documented loads of past events and based on this, derive plausible ranges for sediment loads in different types of Aus-
trian mountain catchments. While geomorphological and geological factors exhibit significant influences, hydrological parameters yielded

inconclusive results.

INTRODUCTION

All flow processes in torrent catchment areas are accompanied by a measurable transport of solids which includes suspended sediment and
bedload transport. The term sediment transport has different meanings in different scientific disciplines, but in channel hydraulics it usually
refers to the bouncing, rolling or sliding transport of rock particles driven by the respective flow process (Maniak 2016, Reid et al. 1997).
In the following, sediment load is defined as the total volume of sediment material removed by the torrent process over a certain period
of time. There are several methods for determining sediment load, yet these often exhibit significant disparities in results. For the design
of protective structures in torrent channels, however, it is particularly important to determine the potential sediment load as realistically
and efficiently as possible. Both, the sediment load transport and total sediment load, generally depend heavily on the respective channel
process and catchment characteristics. In Austria, the torrent and avalanche database (“Wildbach- und Lawinenkataster” WLK) of the Forest
Service for Torrent and Avalanche Control (“Wildbach- und Lawinenverbauung” WLV) is a spatial management system for the administration
of natural hazard-related data. This also includes a standardized database of all recorded natural hazard events in the past together with

relevant event and area parameters.

This study builds upon the findings presented in Kammerlander et al. 2022, which conducted an analysis of event-based sediment load
transport rates in Tyrol between 2012 and 2019. The aim of this project is to define the most plausible value ranges for sediment loads in
Austrian torrent catchments from the collected event loads of the WLK depending to selected parameters in order to be able to develop a

practical, efficient and most reliable tool for determining sediment loads for hydraulic engineering projects.

METHODS
In this study data of 3642 torrent events derived from the torrent and avalanche database were analysed. The following parameters are

considered in the course of the project:

e Process-related parameters: we differentiate between fluvial processes (clear water floods and lightly sediment-laden flood events) and
debris-flow related processes (debris floods and debris flows) as defined by the Austrian Standards (Austrian Standards International
2009, S. 27).

e  Watershed characteristics: of outmost significance are geomorphological, geological, and hydrological influencing factors in this context.

In essence, the extraction encompassed all event records that exhibited a registered sediment load. It is crucial to note that the recorded load
in the context of these torrential events comprises the amalgamation of two parameters: sediment load retention and sediment load depo-
sition. These two parameters are generally estimated in the field by experts from the WLV. While sediment retention denotes any volume
retained by existing protective structures, sediment deposition refers to sedimentation occurring beyond the scope of protective structures,
such as in shallow sections of the channel or within areas of cultivated land on the alluvial fan. The term "event load" often leaves the
actual sediment transport during events, i.e., the portion of the sediment that is directly transported into the receiving river, unspecified.
Here we assume that recorded event-based sediment load transport equals the actual bedload transport with an uncertainty factor of 2
(Kammerlander et al. 2022, S. 101).
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As a first step, a manual data plausibility check and correction process were undertaken. For this, the dataset was intersected with the at-

tribute tables of the main and sub-catchment areas of the WLK. Subsequently, entries in the dataset were cross-referenced with the stream

event recording-sheets available in the WLK's online application. This process led to the exclusion of certain event entries (about 16%) based

on the following criteria:

no official stream catchment area or no official sub-catchment area for streams (not indicated in the WLK or lacking a stream ID),
sediment load of 0 m3 or

missing geomorphological parameters, such as absent elevation or area data for the main or sub-catchment area

In some few instances, events from multiple sub-catchment areas were consolidated into a single entry within the respective main catchment

area. Where discernible, new event entries were created, and the data from the consolidated entry were assigned to the respective sub-catch-

ment areas. Conversely, entries that were evidently related to the same event were merged within a single entry, with the corresponding

sediment transports being summed. Furthermore, the documented sediment transport of each of these events were scrutinized, corrected,

and adjusted accordingly.

Following the corrections, the remaining comprehensive dataset (n=3642) now includes the following relevant parameters:

statistical information (e.g., political district, municipality ID, catchment area ID),

process-related information (e.g., type of displacement process, process phenomena, intensity parameters, sediment sources),
geomorphological information pertaining to the respective catchment areas of the events (area, elevation data, Melton number, slope
data, exposures); these pieces of information were obtained through a spatial intersection of the official geological map of the Geo-
sphere Austria with the main and sub-catchment areas,

geological information concerning the respective catchment areas of the events (e.g., lithology, age, geological units); these pieces of
information were obtained through a spatial intersection of a geology shape file of Geosphere Austria with the main and sub-watershed
areas,

hydrological information related to the respective catchment areas (e.g., type of triggering precipitation, duration and amount of precip-
itation); with the note that hydrological data were only collected for a subset of the overall dataset and thus were available selectively,

corrected sediment load data for each respective event.

The statistical and visual data analysis was predominantly conducted using the R programming language, with RStudio as user interface.

RESULTS AND DISCUSSION

The subsequent subpoints present and explain the results of the correlation analyses. To avoid overloading the content of this brief report,

it is not feasible to delve into every identified correlation.

1)

Geomorphological Influence

In this context, the influence of the catchment area on the resulting sediment load is described in a representative manner, with a funda-

mental distinction intended between fluvial and debris flow-related process types. For the correlation analysis statistical quantile regression

was conducted for each channel process type. Since return periods or annual frequencies were not recorded for the collected events, the

following statistical assumptions had to be made:

For delineating the extreme range, the 99th percentile is utilized. This range lies above the value range for the design event and is
intended to represent events that can only be partially influenced by mitigation measures of the WLV.

The intermediate range is assumed to lie within the 25th and 90th percentiles. Due to the large number of events falling within this
range for both process types, the intermediate range is also considered the boundary for the value range of a design event (150-year
return period).

The lower range is delineated by the 10th percentile. This range lies below the value range for the design event and is intended to

represent events that can often be classified as recurrent.
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Sediment loads from debris flow related channel processes
Correlation between bedload F and watershed area A
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Figure 1: Sediment load data from 2194 Austrian torrential events.

Sediment loads from fluvial related channel processes
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Figure 2: Sediment load data from 1448 Austrian torrential events.

In Figures 1 and 2, the relationships between sediment load and catchment area for both channel process types are depicted, revealing an
exponential correlation for both fluvial and debris flow-related processes. Based on this observation, simple prediction models for both

process types can be expressed as the following power functions:

In general, both point clouds exhibit strong similarities, and the slopes of the regression lines are in similar ranges. However, it is important
to note that debris flow-related processes generally start from a higher baseline. This is particularly evident in the intercept of the respective
functions. Moreover, the fluvial datasets exhibit greater dispersion. This is manifested, on the one hand, by the presence of outliers observed
in the fluvial scatter plot, and on the other hand, by the quantile regression lines of mud-like events being in closer proximity, with specific
emphasis on the 25% and 50% quantile regressions.
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Sediment loads in torrential catchments
Correlations between geological units and documented sediment loads
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Figure 3: Total statistical summary of bedload transport data from 3,642 Austrian torrential events, segmented by geological unit.
2) Geological Influence

The geological influence on the collected sediment transport rates is to be investigated using the geological classification of Austria. For
a first order approach, the analysis focuses on the designated large-scale geological units, as they represent the most precise geological

classification for the complete dataset.

Figure 3 provides a basic statistical overview of all collected sediment load data according to geological units. In total, the recorded events
are distributed across 33 different units. The fundamental geological structure of Austria is central to this analysis, with approximately one-
third of the recorded events occurring in catchments dominated by limestone. Another quarter is situated in catchment areas characterized
by crystalline rocks (such as phyllites and similar formations). This underscores the clear concentration of events in the High Alpine region

of Austria. Significant geological units in the pre-Alpine and lowland areas include the Molasse and the Flysch Zone.

Concerning the mean sediment transport per geological unit, it is noteworthy that the highest arithmetic mean is observed in the area of the
so-called metasediments and metavolcanics. However, it is important to note that only 34 events have occurred in this category. Consequent-
ly, focus is shifted to geological units where more than 50 events have taken place, and additionally, the statistical measure of the median is

employed. The following Table 2 provides an overview of the geological units with median event loads > 1,000 m3:

Fluvial channel processes

Upper limit extreme range (corresponds to the 99 percentile regression) F = 13490 - A*71
Upper limit medium range (corresponds to the 90*" percentile regression) F = 2750 - A%72
Lower limit medium range (corresponds to the 25t percentile regression) F =160 - A%61
Lower limit bottom range (corresponds to the 10*" percentile regression) F=170-4%
Debris flow related channel processes
Upper limit extreme range (corresponds to the 99t percentile regression) F = 85110 - A%68
Upper limit medium range (corresponds to the 90" percentile regression) F = 14450 - A%7°
Lower limit medium range (corresponds to the 25" percentile regression) F =870 - A%6*
Lower limit bottom range (corresponds to the 10" percentile regression) F =300 - A%48

Table 1: Simple sediment load prediction mode!
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. ) | median of number of events
arithmetic mean of sediment ) . .
) 5 sediment in each geological
geological unit loads 3
(m?] loads unit
[m?] 5]
Oceanic metasediment 26,230 4,000 85
orthogneiss 26,560 3,000 75
limestone 15,050 2,000 1,023
Quartz phyllite 11,260 2,000 230
Siliciclastics 23,050 2,000 117
Amphibolite 5,720 2,000 66
Paragneiss 9,530 1,550 864
Pelitic-psammitic
i 6,740 1,200 355
sediment

Table 2: Geological units with highest median sediment loads

In addition, the relationships between the mean values of the collected sediment loads and the geological units of the respective catchment
areas were examined using the Kruskal-Wallis-Test. This statistical test is employed to examine differences among means of multiple inde-
pendent groups. With a p-value of approximately 0.002, which is below the significance level of 5%, it indicates that statistically significant

differences exist among the different geological units.

The influence of geological structures on sediment load transport is indeed interesting for the assessment of design events. As a further step,
a classification of the erosivity of each geological unit should be conducted, perhaps based on the median sediment load, weighted by the

number of events, the intensity of the events and the arithmetic mean of the events for each geological unit.

3) Hydrological Influence
Regarding hydrological influences, the triggering precipitation events are of particular relevance. However, we find limited correlations be-

tween rainfall metrics documented in the WLK and sediment load, as exemplarily shown for rainfall sum in Figure 4.

Sediment loads In torrential catchments
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Figure 4: Sediment load data from 973 Austrian torrential events with documented triggering rainfall amount.

The lower bound of sediment load shows a weak positive correlation with total rainfall amount. The median sediment load also increases
with rainfall. Surprisingly, higher sediment load values display a decreasing trend. It is noteworthy that there is no distinct relationship be-
tween triggering precipitation amount and the resulting sediment transport process. This is likely attributed to the influence of factors such
as geology and soil parameters.

The differentiation between intense rainfall events and prolonged rain is evident, with thunderstorm events showing a considerably wid-
er range of precipitation amounts. The demarcation (black dashed vertical line) was chosen so that approximately 20% of the event data
triggered by thunderstorm precipitation lie above it, and 80% lie below it. Conversely, for events with advective precipitation triggers, the

situation is reversed.

There may be two reasons for the limited explanatory power of the triggering rainfall for the documented sediment load: first, rainfall is no
control for the sediment load in small mountain catchments, or second, the rainfall data quality is low. We cannot rule out the latter, as only

a small portion of the overall event dataset is associated with precipitation data (n=973 of 3642) and the temporal and spatial resolution of
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the available rainfall records is very diverse, ranging from daily precipitation records of a rain gauge kilometres outside of the catchment to
high-resolution weather radar data. This prompts the need for a comparison of documented sediment load with systematic catchment-re-

solved rainfall data.

CONCLUSION

The objective of this study is quantitively assess influencing parameters, that control the sediment load from mountain torrent catchments.
At this stage, geomorphological parameters emerge as yielding the clearest results. For example, despite of substantial scatter, there are
correlations of catchment area and event sediment load for both, fluvial and debris-flow processes. Another significant factor is the geology.
Building upon this, an exploration of the erosion potential for different geological units is undertaken, aiming to assess whether a classifica-
tion scheme can be inferred. The influence of the magnitude of triggering precipitation was also investigated. However, the data used here

only show weak correlations, which may be attributed to the limited rainfall dataset and data quality.

In summary, event-based analysis of sediment loads presents a promising method that, with further refinement, has the potential reliable
empirical relationship ranges for design considerations.
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